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 Summary 
 
The present PhD thesis is organized in three sections as follows. 
The first part of the PhD thesis was focused on the assessment of the climate change in the 
Emilia-Romagna, whereas considered research periods were during the both, past (1961–2015 
for the entire Emilia-Romagna; 1953–2013 for the ‘Romagna Sangiovese’ appellation area) and 
future decades (2018–2027, 2011–2040 and 2071–2100 for the entire Emilia-Romagna). Two 
types of the spatially interpolated meteorological data for past periods (high resolution and low 
resolution), spatially interpolated climate data with corrected bias from Regional Climate Models 
for future periods, diverse statistical methods (trend analysis with Mann-Kendall test, trend 
homogeneity analysis with Pettitt test etc.) and appropriate bioclimatic indices developed 
particularly for the climatic classification of viticulture region were used to identify climatic 
suitability to cultivate grapes in the Emilia-Romagna. Additionally, a real case study was 
performed with data from seven Romagna’s wineries in order to identify the potential impact of 
the climate change on the Sangiovese berry sugar content and grape yield.  
The second part of the PhD thesis was focused on the development of mitigation techniques that 
may be used to face the impact of climate change in the future decades. In particular, late winter 
pruning was applied to cv. Sangiovese grapes aiming to reduce concentration of total soluble 
solids in berries. Additionally, dealcholization and acidification of Chardonnay wines were 
achieved by addition of must from unripe Chardonnay grapes and utilization of non-
Saccharomyces yeast strains. Obtained results in the present PhD thesis may help viticulturists 
and winemakers to further develop wine industry by choosing climatologically appropriate grape 
varieties or researchers to further develop mitigation techniques which will allow sustainable 
grape production in the Emilia-Romagna.  
The third part was related to the development of an analytical method to evaluate wine 
parameters affected by climate change and mitigation strategies, same as to analytical profiling 
of potential additives to face climate change.   
  
 Riassunto 
 
La presente tesi di dottorato è organizzata in tre sezioni come di seguito indicato. 
La prima parte della tesi di dottorato si è focalizzata sulla valutazione del cambiamento climatico 
nell'Emilia-Romagna, dove i periodi di studio considerati sono stati entrambi in passato (1961–
2015 per l'intera Emilia-Romagna; 1953–2013 per la ‘Romagna Sangiovese’) e futuri decenni 
(2018–2027, 2011–2040 e 2071–2100 per tutta l'Emilia-Romagna). Due tipi di dati 
meteorologici interpolati spazialmente per periodi passati (alta risoluzione e bassa risoluzione), 
dati climatici interpolati spazialmente con bias corretto dai modelli climatici regionali per periodi 
futuri, metodi statistici diversi (analisi di tendenza con test Mann-Kendall, analisi di omogeneità 
di tendenza con test di Pettitt ecc.) E indici bioclimatici adeguati sviluppati in particolare per la 
classificazione climatica della regione viticola sono stati usati per identificare l'idoneità climatica 
per coltivare l'uva nell'Emilia-Romagna. Inoltre, è stato condotto uno studio di casi concreti con 
dati provenienti da sette cantine Romagnole per individuare l'impatto potenziale del 
cambiamento climatico sul contenuto di zucchero di bacche di Sangiovese e la resa dell'uva.  
La seconda parte della tesi di dottorato è stata focalizzata sullo sviluppo di tecniche di 
mitigazione che possono essere utilizzate per affrontare l'impatto del cambiamento climatico nei 
prossimi decenni. In particolare, la potatura tardiva invernale è stata applicata a cv. Sangiovese 
per ridurre la concentrazione di solidi solubili totali nelle bacche. Inoltre, la degradazione e 
l'acidificazione dei vini Chardonnay sono stati ottenuti mediante l'aggiunta di mosti provenienti 
da uve Chardonnay non abbiate e l'utilizzazione di ceppi non-Saccharomyces. I risultati ottenuti 
nell'attuale tesi di dottorato possono aiutare i viticoltori e gli enologi a sviluppare ulteriormente 
l'industria del vino scegliendo le varietà di uve climatologicamente appropriate oi ricercatori per 
sviluppare ulteriormente tecniche di mitigazione che consentiranno la produzione sostenibile 
dell'uva in Emilia-Romagna.  
La terza parte era legata allo sviluppo di un metodo analitico per valutare i parametri del vino 
influenzati di cambiamento climatico e di strategie mitigazione, anche per la profilazione 
analitica di potenziali additivi per affrontare il cambiamento climatico. 
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1 Introduction and Project aim 
 
1.1 Introduction 
 
‘Climate change’ is a change in the weather patterns that can be detected (e.g. using statistical test) as 
deviation in the mean and/or the variability of its features, which is persistent for the certain period 
(decades or longer). These deviations refer to any changes in the weather patterns, whether they occurred 
due to natural factors (e.g. volcano activities, forest fires, El Niño) or anthropogenic factors (e.g. exhaust 
gases from cars and factories) (IPCC, 2007). Apart from constantly present changes in weather patterns 
due to natural factors (e.g. five major ice ages), since the middle of the 20
th
 century exist also 
considerable influence of anthropogenic factors (Fig 1.1). Influence of climate change may be manifested 
though many direct or indirect consequences (e.g. increase of Global temperature, increased risk of 
droughts, accelerated ice cape melting), which further alter vast number of ecosystems on the Earth.   
 
Figure 1.1 Contribution of natural (blue) and anthropogenic (red) factors to the observed (black) and 
simulated (gray) mean Global temperature increase (modified from Huber and Knutti, 2011). 
Vitis vinifera is highly sensitive to climate conditions (Fraga et al., 2012; Gladstones, 2011; Holland 
and Smith, 2014) such as air temperature and precipitation, therefore climate change can modify grape 
and wine composition to large extent. Sensitivity to climate characteristic is reflected by narrow areas 
suitable for the high-quality wines production, often determined by growing season isotherms that vary 
from too cold (<12°C) to too hot (>22°C) (Jones, 2006) (Fig. 1.2). 
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Figure 1.2 Global wine regions and 12–22°C growing season temperature zones (April–October in the 
Northern Hemisphere and October–April in the Southern Hemisphere) (adopted with permission from 
Jones, 2012). 
Hypothesis that climate conditions, in particular temperature (Jones, 2012), have strong influence on 
viticulture is also supported by historical evidence of vine-producing existence in the north coastal zones 
of the Baltics and southern England from 900 to 1300, due to the higher temperatures in that period 
(Gladstones, 1992), and also production fade from the same regions making them inadequate due to the 
dramatic  decrease of temperature, starting from the 14
th
 until the 19
th
 century (Jones et al., 2005) (Fig 
1.3).  
   
Figure 1.3 Standardized temperature variation in central England during last thousand years (modified 
from Crowley and Lowery, 2000). 
The influence of the climate change on wine sector is depending on vast number of direct and indirect 
variables such are air temperature (Neethling et al., 2012), precipitations (see 4.2.2.2), atmosphere level 
of CO2 (Kizildeniz et al., 2015), ultraviolet (UV-B) radiation (Schultz, 2000), planted grape varieties 
(Tomasi et al., 2011), application of adaptation techniques and husbandry practices (Hunter et al., 2016; 
Palliotti et al., 2014; Varela et al., 2015), topography and soil characteristics (Fraga et al., 2014a) etc. 
Combination of all mentioned factors is in greater or lesser percent unique for each grape producing 
region, which is evident in many published works related to this topic (Bonnefoy et al., 2013; Fraga et 
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al., 2014b Hall and Jones, 2010; Lorenzo et al., 2013; Resco et al., 2016; Vršić et al., 2014), thus there 
is a need to examine also currently unstudied areas such as the traditional wine region Emilia-Romagna 
(Italy) due to its great importance at a national and international level. Assessment of climate change may 
be conducted whether for the past or the future, whereas both parts are required to fully understand 
climate change trends and gather information which later serve as a tool to develop adaptation strategies.  
The final outcome and consequences of climate change influence on wine industry could rather be 
positive or negative. Negative consequences on wine industry are manifested as crop load reduction 
(Ramos and Martínez-Casasnovas, 2010), production of unbalanced wines with excessive alcohol 
(Jones et al., 2005), utilization of additional investment expenses in mitigation technologies, reduction of 
anthocyanins (Mori et al., 2007), lower must acidity (Godden et al., 2015) etc. On the contrary, in some 
high quality wine regions, such as Chianti (Italy), Bordeaux and Burgundy (France), Barossa and 
Margaret River (Australia), warming resulted in increasing trends of wine vintage ratings over the second 
half of the 20
th
 century (Jones et al., 2005). Furthermore, warming in future decades may translocate 
zones with optimal growing season mean temperature (12–22°C) polewards, towards the coast and higher 
elevations (Jones, 2012) and transform non-traditional wine producing zones to suitable for grape 
cultivation (Bardin-Camparotto et al. 2014). 
The wine and grape industry is widely spread over the world with approximately 7534 Kha of planted 
vineyard surfaces worldwide, with 274 MhL of wine and must production per year (harvest 2015). Even 
though, wine consumption was reduced  worldwide after economic crisis in 2008, total volume of 
exported wine, same as the total value of exports is steadily growing from 2000’s on a globe scale, 
suggesting that sustainable winemaking industry is an important factor for the economic stability in 
counties which are the largest wine exporters (France, Italy, Spain) (OIV, 2016). Nowadays, a sustainable 
wine industry in environment of accelerated climate change becomes a great challenge, thus it is 
necessary to develop appropriate adaptation techniques to mitigate upcoming events. In literature, there 
are already a various adaptation techniques that can be divided into four principal groups: (i) viticulture 
techniques, (ii) pre-fermentation techniques, (iii) biotechnological techniques and (iv) post-fermentation 
techniques. However, due to high diversity of climatic conditions over entire wine industry and 
everlasting trend to decrease cost of production and increase quality of final products there is a need to 
further develop new mitigation techniques and to examine synergistic effect of existing techniques. 
 
1.2 Project aim 
 
The aim of this PhD thesis titled: ‘Climate change vs Wine industry in the Emilia-Romagna: Assessment 
of the climate change, influence on wine industry and mitigation techniques’ is to examine climate change 
trends in the Emilia-Romagna (ER) during both, past and future decades, with appropriate meteorological 
data base and suitable statistic tools. To identify the link, if any, between climate trends and grape 
quality/quality parameters and to develop new adaptation techniques to moderate the influence of climate 
change on wine industry.  
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To achieve this aim, several experiments were designed as followed:   
I. Climatic shifts in the ER’s high-quality wine production areas – covers examination of climate 
changes by calculating bioclimatic indices (BIs) for currently well-established high-quality wine 
production areas of the ER during the period 1961–2015; examination of climate changes in 
currently grape non-cultivated areas of the ER to identify, from climatological aspect, a new 
suitable area for grape production in the ER.   
II. Projections of climatic shifts in the ER wine production areas – covers examination of climate 
projections in the periods 2018–2027, 2011–2040 and 2071–2100 under two possible scenarios 
(Representative concentration pathway (RCP) 4.5 and RCP 8.5) by calculating BIs for currently 
well-established high-quality wine production areas of the ER during. 
III. Influence of climate change on grape yield and sugar content of Sangiovese grapes from the 
studied part of Romagna – covers assessment of climate change trends over 61 years (from 1953 
to 2013) in the studied area by calculating BIs; relation between BIs and grape sugar content 
from seven wineries during the period 2001–2012; relation between BIs and grape yield during 
the period 1982–2012. 
IV. Development of new adaptation techniques to climate change.  
a. Effect of late winter pruning on Sangiovese grape berry composition from organic 
management – covers examination of late winter pruning as potential technique to 
moderate effect of increasing total soluble solids must concentration in organic 
Sangiovese grapes caused by warmer and/or drier climatic conditions. 
b. Combination of viticulture and biotechnological techniques as a method to reduce 
alcohol content and pH – covers assessment of possibilities to use viticulture and 
biotechnological techniques as a combined method to mitigate negative impact of hot 
and dry vintages (e.g. excessive ethanol concentration and high pH) on Chardonnay 
wines.  
V. Development of analytical method to evaluate wine parameters affected by climate change and 
analytical profiling of additives to face climate change. 
a. Development of method using Waveguide Vector Spectrometer to examine 
alcohol and glycerol content of red wines. 
 
b. Analytical profiling of commercial tannins by ICP-MS and spectrophotometric 
methods to identify potential additives in winemaking that could be used during 
hot vintages. 
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2 Climate change in the Emilia-Romagna’s high-quality wine DOP 
appellation areas (1961–2015)   
 
Teslić, N., Vujadinović, M., Ruml, M., Antolini, G., Vuković, A., Parpinello, Giuseppina P., Ricci, A., Versari, A., 
2017. Climatic shifts in high quality wine production areas, Emilia Romagna, Italy, 1961–2015. Climate Research 
73, 195–206 
Versari, A., Ricci, A., Teslić, N., Parpinello G.P., 2017. Climate change trends, grape production, and potential 
alcohol concentration in Italian wines. In Proceedings of the SIAVEN Symposium. Chile 
 
2.1 Introduction 
 
As mentioned before grape production is strongly affected by climate variables (Fraga et al. 2012a), thus 
climate change may modify grape and wine composition to a great extent. However, due vast number of 
relevant climatic factors (e.g. temperature) and non-climatic factors (e.g. topography) the magnitude of 
climate change may diverse among wine regions (Jones et al., 2005). This was confirmed by Jones et al. 
(2005) that reported a significant growing season temperature trends for the majority of Europe and 
North-America wine regions during the last 50 years of the 20
th
 century, with an average increase of 
1.26°C. However, authors also reported the lack of statistically significant temperature trends for the 
majority of Southern Hemisphere wine regions. Thus, despite the importance of the global climate change 
trend, from the viticulturist/winemaker point of view it is also important to understand and examine 
regional climate change trends in order appropriately adapt to potential upcoming climate changes that 
could have impact on grape and wine composition. Therefore, climate change examination on regional 
level is particularly important for currently unstudied areas, such as the traditional Italian wine region ER 
due to its great importance at a national and international level.  
Since the magnitude of climate modifications depends on mutual interaction of climatic and non-climatic 
variables, examinations of simple temperature and precipitation values are insufficient to explain climate 
change on regional level. Thus, certain BIs developed for effective monitoring of climate change in wine 
regions have to be used. Whereas computation of commonly used BIs allows easier comparison of 
climate characteristics and climate change shifts between wine regions. These BIs may be divided into 
three groups: (i) BIs derived from a single climatic variable (e.g. minimum temperatures during 
September – Cool night index (Tonietto, 1999)); (ii) BIs derived from two or more climatic variables 
(e.g. maximum and mean temperatures from April to September – Huglin index (Huglin, 1978)); (iii) BIs 
derived from climatic and non-climatic variables (e.g. monthly precipitation and evaporation of bare soil 
– Dryness index (Tonietto and Carbonneau, 2004)). In the last two decades, BI were computed by 
spatially interpolated meteorological data sets (Fraga et al., 2012b; Hall and Jones, 2010) or data sets 
directly from the meteorological stations (Duchêne and Schneider, 2005; Tomasi et al., 2011). 
Meteorological data sets from meteorological stations are surely a valuable tool for the regional climate 
change examination. However, spatially interpolated data sets may allow more precise estimates of 
climate variables at locations distant from the measuring meteorological stations. Furthermore, spatially 
interpolated data sets have often temporally complete series which allows easier implementation 
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(Haylock et al., 2008). The suitability of the spatially interpolated data sets for the regional climate 
change studies is strongly related to spatial resolution. This is of the paramount importance due to often 
complex topography of the grape cultivation regions, where data sets with relatively low spatial resolution 
provided by global climate models (up to 250 km) (Jones et al., 2005; Webb et al., 2007) or regional 
climate models (up to 25 km) (Andrade et al., 2014; Lorenzo et al., 2013) may be inadequate to present 
vineyard climate characteristics. Therefore, high-resolution, spatially interpolated climatic data (up to 5 
km) (Fraga et al., 2014; Lorenzo et al., 2016) may be a valuable tool for the regional climate change 
examination of the grape growing areas.  
Italy is one of the top world’s wine producer with 49.5 106 hL of produced wine during the vintage 2015 
and 682 000 ha of the total vineyard area (OIV, 2016). Total value of all exported wine reached 5.35 10
9 
€ during the 2015 (OIV, 2016), whereas approximately 50% of the total value of all exported Italian wine 
during 2015 was obtained by trading high-quality wine with Protected Denomination of Origin (DOP) 
(www.italianwinecentral.com). Therefore, high-quality wine industry affects the economic, social and 
cultural aspects of Italy to a great extent. Thus, the aim of this experiment was to ascertain the 
appearance, if any, of climatic change that could affect the winemaking industry in DOP appellation 
zones in the ER. 
 
2.2 Materials and Methods 
 
2.2.1 Study region 
 
The traditional viticulture region ER is located in the northern Italy and stretches from ~ 43° 80’ to 45° 
10’ N latitude and ~ 9° 20’ to 12° 75’ E longitude. Rich pedological and climatic diversity caused by the 
impact of the Adriatic Sea to the east and the mountains to the south, create a unique ‘terroir’ suitable for 
the cultivation of several grape varieties, both international and autochthonous. The ER counts about 55 
000 ha of vineyards, representing 8.1% of the total Italian vineyard surface, with the main grape varieties 
such as Trebbiano Romagnolo white grape that covers 30.4%, Lambrusco red grape 17.7%, Sangiovese 
red grape 15.5%, Ancellota red grape that covers 7.9% of the total ER vineyard surfaces (Pollini et al., 
2013). The total ER wine production is estimated on 7.91 10
6 
hL during vintage 2014, placing the ER as 
the 2
nd
 winemaking region with 18% of the total Italian wine production by volume. A considerable 
volume of the total ER’s wine production (15.9%, vintage 2014) is high-quality DOP (Protected 
Denomination of Origin) wines, which are divided into subgroups, DOCG (Controlled and Guaranteed 
Denomination of Origin) and DOC (Controlled Denomination of Origin) wines. The production of the 
DOP wines is widespread over the entire ER region except for the mountain zones and certain 
northeastern and northwestern zones (Fig. 2.1). 
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Figure 2.1 Location DOC (Controlled Denomination of Origin) and DOCG (Controlled and Guaranteed 
Denomination of Origin) grape production areas in the Emilia-Romagna (modified from 
www.enotecaemiliaromagna.it). 
 
2.2.2 Meteorological data and bioclimatic indices 
 
The experiment was conducted using a high-resolution gridded climate data provided by the Regional 
Agency for Prevention, Environment and Energy of the Emilia-Romagna (www.arpae.it). Gridded 
meteorological data for the period 1961–2015 were obtained from precipitation (254 locations) and 
temperature (60 locations) time series, preliminarily checked for quality, temporal homogeneity and 
synchronicity. The daily climate data were interpolated on a 5 x 5 km grid, by the algorithms as described 
in details elsewhere (Antolini et al., 2016). Algorithms consider topography (lapse rate examination, 
including thermal inversions; topographic barriers; topographic relative position), land use (urban 
fraction), and a day-by-day error minimizing procedure for the examination of the interpolation 
parameters. Specific BIs were computed for the DOP appellation viticulture zones over the two periods: 
1961–1990, as a standard climatological period, and 1986–2015, as the latest 30-year time-series. The BIs 
used for this experiment were calculated as presented in Table 2.1. 
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Table 2.1 Mathematic definitions and classes of used BIs. 
 
Bioclimatic 
index 
Mathematical 
definition 
Classes 
 
Temperature related indices 
 
 
Growing season 
 mean temperature  
(Tmean)
1
 
 
 
 
      
 
 
∑    
      
    
 
 
Tn – Mean air temperature (°C) 
N – Number of days 
 
 
 
Too cool: < 12 
Cool: 12–15 
Intermediate: 15–17 
Warm: 17–19 
Hot: 19–21 
Very Hot: 21–22 
Too Hot:  > 22 
 
 
 
Number of days with 
max temperature in the 
range 25–30°C (ND 
25–30°C)2 
 
 
 
 
           ∑             
      
    
 
 
ND 25–30°C – Number of days with  
max temperature in the range  25–30°C 
 
 
 
 
Number of days with max 
temperature in the range 25–
30°C (ND 25–30°C)2 
 
 
 
 
 
Number of days with 
max 
 temperature > 30°C 
(ND > 30°C)
2
 
 
 
 
 
          ∑           
      
    
 
 
ND > 30°C – Number of days  
with max temperature > 30°C 
 
 
 
 
Number of days with max 
 temperature > 30°C (ND > 
30°C)
2
 
 
 
 
Cool night index (CI)
3
 
 
 
 
 
 
 
   
 
 
∑    
     
   
 
Tm – Min air temperature (°C) 
N – Number of days 
 
 
Warm nights: > 18 
Temperate nights: 14–18 
Cool nights: 12–14 
Very cool nights: < 12 
 
 
 
Huglin index (HI)
4
 
 
 
 
 
 
 
   ∑
                   
 
  
     
    
 
Tx – Max air temperature (°C) 
Tn – Mean air temperature (°C) 
k – Length of the day correction coefficient 
 
 
Very warm: > 300000 
Warm: 2400−30000 
Temperate warm: 2100−2400 
Temperate: 1800−21000 
Cool: 1500−1800 
Very cool: < 1500 
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Bioclimatic index 
Mathematical 
definition 
Classes 
 
 
 
 
 
Growing degree day 
(GDD)
5,6
 
 
 
 
 
 
    ∑
     
 
      
      
    
 
 
 
Tm – Min air temperature (°C) 
Tx – Max air temperature (°C) 
 
 
 
Too hot:  > 27000000 
Region V: 2222−2700 
Region IV: 1944−2222 
Region III:  1667−1944 
Region II: 1389−1667 
Region I: 850−1389 
Too cool:  < 850 
 
Precipitation related indices 
 
Total precipitation  
(Tprec) 
 
 
 
      ∑   
      
    
 
 
P –  Precipitation (mm) 
 
 
 
 
- 
 
 
 
 
Dry spell index (DSI)
7
 
 
 
 
 
 
    ∑          
     
    
 
 
ND < 1 mm – Number of days with 
 precipitation < 1mm 
 
 
 
- 
 
 
 
Temperature, precipitation and non-climatic variables related indices 
Dryness Index (DI)
4
 
 
 
 
 
 
 
 
 
 
 
      ∑             
     
    
 
 
        
 
    
                
 
 
 
W0 – initial soil moisture (200 mm) 
Pm – monthly precipitation 
ET – Water loss through transpiration 
ES – Bare soil evaporation 
PET – Potential evaporation 
 
Humid : > 150 
Moderately dry: 50÷150 
Sub-humid: -100÷50 
Very dry: < -100   
 
 
a –Plant radiation absorption coef 
(a= 0.1,0.3,0.5 in April, May, 
June–September, respectively) 
Nefprec – Monthly effective soil 
evaporation 
N – Number of days in month 
 
1
(Fraga et al., 2014), 
2
(Ramos et al., 2008),
 3
(Tonietto, 1999), 
4
(Tonietto and Carbonneau, 2004), 
5
(Hall and 
Jones, 2010), 
6
 (Winkler et al., 1974), 
7
(Dubuisson and Moisselin, 2006). 
 
 
 15 | P a g e  
 
2.3 Results and Discussion    
 
Narrow areas suitable for the production of high-quality wines are often determined by growing season 
isotherms that ranges from too cool until too hot (12°C<Tmean>22°C) (Fraga et al., 2014). Average Tmean 
in the ER’s high-quality wine production areas during the periods 1961–1990 and 1986–2015 was 17.64 
and 18.72°C, respectively (Table 2.2). However, even if average Tmean in the Emilia-Romagna’s DOP 
zones was characterized as ‘warm’ during the second period (1986–2015), in certain DOP zones of the 
ER, Tmean was characterized as ‘hot’ during the same period (Teslić et al., 2017).  
Table 2.2 Average bioclimatic indices values during the two periods (1961–1990; 1986–2015) in the 
Emilia-Romagna’s wine high-quality Protected Denomination of Origin appellation zones. 
 
The increase of Tmean suggests different impact on regional viticulture suitability and production of high-
quality wines. In particular, lesser appearance of vintages with ‘warm’ Tmean particularly after 2000’s (Fig. 
2.2), which are optimal for Sangiovese, one of the main red cultivars in the ER (Pollini et al., 2013), may 
induce viticulturists to cultivate later maturing grapevine varieties in order to adapt to upcoming warming 
conditions that are expected for the entire northern Italy (Ruml et al., 2012). Grape varieties that may be 
potentially suitable for cultivation during the future decades in DOP areas of ER region include Grenache, 
Carignane, Zinfandel and Nebbiolo (Fig. 2.3). 
                                        
Figure 2.2 Average mean growing season temperature in the Emilia-Romagna’s wine high-quality 
Protected Denomination of Origin appellation zones from 1961 until 2015. 
Furthermore, as a direct consequence of increasing temperatures, an average number of days exceeding 
30°C increased in the ER’s DOP zones in the second period (45.60 days; 1986–2015) comparing to the 
first period (24.77 days; 1961–1990), (Table 2.2). Inversely, an average number of days with maximum 
Period Tmean 
[°C] 
CI 
[°C] 
ND25–30°C 
[days] 
ND>30°C 
[days] 
HI 
[units] 
GDD 
[units] 
Tprec 
[mm] 
DSI 
[days] 
DI 
[mm] 
1961–1990 17.64 13.19 61.42 24.77 2048.35 1663.67 472.56 165.00 99.48 
1986–2015 18.72 13.31 60.04 45.60 2299.90 1888.84 469.04 165.18 71.52 
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temperatures was approximately constant in the ER’s DOP zones (Table 2.2). These changes may affect 
vine photosynthesis and growth process, since days with maximum temperature in the range of 25–30°C 
is optimal for the vine photosynthesis (Carbonneau et al., 1992). On the other hand, a certain number of 
days exceeding 30°C may induce vine heat stress, premature véraison, berry abscission, reduced flavor 
development and enzyme activation (Mullins et al., 1992). During the 21
st
 century, daily maximum 
temperature in the vegetative period may even exceed 45°C, reaching upper-temperature limit for the 
photosynthesis process (Greer and Weedon, 2012), and having a negative impact on the grape berry 
composition and crop load.  
                                    
Figure 2.3 Optimal mean growing season temperatures (Tmean) for the cultivation of certain grape 
varieties. The range of the Tmean for two periods (1961–1990, black; 1986–2015, red) presents standard 
deviation of Tmean during respective periods (modified from Jones, 2006). 
In the ER’s DOP zones, CI which is related to the grape’s synthesis of anthocyanins was approximately 
constant in the both periods (Table 2.2), and nights were characterized as ‘cool’ during most of the 
vintages in the last 55 years (Fig. 2.4). Several studies (Kliewer, 1977; Tonietto and Carbonneau, 
1998) reported a positive effect of the night temperatures in an approximate range of 10–15°C on 
anthocyanin accumulation during the berry maturing period. Hence, obtained results in presented 
experiment suggested optimal night conditions for cultivation of red grape varieties which are used for 
red and rosé wine production that represents 55% of the total ER wine production (Pollini et al., 2013).   
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Figure 2.4 Average Cool night index in the Emilia-Romagna’s wine high-quality Protected 
Denomination of Origin appellation zones from 1961 until 2015. 
Average thermal accumulation in the ER’s DOP areas presented as HI, was 2048.35 and 2299.90 units 
during the period 1961–1990 and 1986–2015, respectively (Table 2.2). During the first period (1961–
1990) vintages in the ER’s DOP were mainly characterized as ‘temperate/warm temperate’ according to 
Huglin classification (Fig. 2.5). However, due to warming, during the second period (1986–2015) same 
areas were characterized as ‘warm temperate/warm’ (Fig. 2.5). This increase of thermal accumulation 
will most likely continue in the upcoming decades. It is predicted that the entire northern Italy, including 
the ER DOP zones, could be characterized as ‘warm’ (according to Huglin classification) wine region in 
the upcoming decades (2041–2070; A1B scenario) (Fraga et al., 2013). In general, the magnitude of 
these changes will strongly depend on a level of anthropogenic carbon emissions into the atmosphere 
during the upcoming decades. Higher temperatures and consequently higher thermal accumulation may 
have a negative impact on grape/wine quality (see 4.1.1–4.1.6). 
                                      
Figure 2.5 Average Huglin index in the Emilia-Romagna’s wine high-quality Protected Denomination of 
Origin appellation zones from 1961 until 2015. 
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In the ER’s DOP zones, average thermal accumulation in the presented as GDD was 1663.67 and 1888.84 
units during the period 1961–1990 and 1986–2015, respectively (Table 2.2). To produce high-quality 
wines about 1400–2000 GDD units are often required, depending on grape variety and environmental 
factors (Gladstones, 1992). Thus, obtained results are suggesting that ER’s DOP zones had optimal 
thermal accumulation for the production of high-quality wines during most of the vintages from 1961 
until 2015. However, due to temperatures increase, after 2000’s occurrence of vintages with thermal 
accumulation higher than 2000 GDD units is tending to be more frequent (Fig. 2.6). Furthermore, a recent 
study reported that certain currently established DOP zones in the ER had more than 2000 GDD units 
during the period from 1986 until 2015 (Teslić et al., 2017), suggesting that part of currently established 
DOP zones may become ‘too hot’ for the production of high-quality wines. This is especially related to 
white grape varieties that often demand lower temperatures for optimal cultivation conditions (Fig. 2.3).   
                                              
Figure 2.6 Average Growing degree day index in the Emilia-Romagna’s wine high-quality Protected 
Denomination of Origin appellation zones from 1961 until 2015. 
Average total precipitation in the ER’s DOP areas was approximately constant and it was 472.56 and 
469.04 mm during the period 1961–1990 and 1986–2015, respectively (Table 2.2). A recent study also 
reported similar values of Tprec in the ER’s DOP zones, whereas certain changes in precipitation patterns 
were observed during the period 1986–2015 compared to the period 1961–1990, however, mostly with a 
lack of statistical differences (Teslić et al., 2017). DSI values on a regional level were also approximately 
constant and were 165 and 165.18 days during the period 1961–1990 and 1986–2015, respectively (Table 
2.2). However, in certain DOP zones (‘Romagna Sangiovese’ DOC) DSI had an increasing trend (9.33 
days) which may result in a higher sugar content in Sangiovese berries (see 4.2.2.2). Drier conditions 
(evaluated with DI) were detected in the ER’s DOP zones during the period 1986–2015 (71.52 mm; Table 
2.2) comparing to the period 1961–1990 (99.48; Table 2.2) suggesting that besides precipitation, 
temperature as well, had an important role in soil water availability in the ER’s DOP zones. The negative 
effect of the increasing temperatures on soil water availability may be due to higher evaporation from soil 
under warmer conditions (Alcamo et al., 2007). The vintages in the ER’s DOP areas were mainly 
characterized as moderately dry during the first period (1961–1990) (Fig. 2.7). However, due to most 
likely higher soil evaporation, certain vintages in the ER’s DOP areas, particularly after 2000’s were 
characterized as sub-humid (Fig. 2.7). The appearance of sub-humid vintages in the ER 
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DOP zones will most likely occur during the future decade as it was supported by a recent study (Fraga 
et al., 2013). Authors reported that during the period 2041–2070 under the A1B scenario certain areas in 
the ER may be characterized as ‘sub-humid’. Detected changes may lead viticulturists to install irrigation 
systems, non-traditionally used for grape cultivation in the ER, to mitigate consequences caused by 
warmer and drier conditions (see 4.1.1–4.1.6). 
                                         
Figure 2.7 Average Dryness index in the Emilia-Romagna’s wine high-quality Protected Denomination 
of Origin appellation zones from 1961 until 2015. 
 
2.4 Conclusions 
 
The findings of the present experiment highlighted the changes in climate related to the viticulture 
suitability of the ER’s DOP zones during two periods, 1961–1990 and 1986–2015. Detected changes in 
the BI may affect suitability to produce high-quality wine in the ER’s DOP areas, which could become 
‘too hot’ for the production of these wines. The negative impact of rising temperatures on wine 
production could be mitigated by planting later ripening grape varieties comparing to those currently 
present in the ER DOP zones. Also, the experiment results suggested that warmer and drier conditions in 
the last 3 decades (1986–2015) decreased soil water availability necessary for plants development in the 
ER DOP zones, which implies the need of updated strategy for future implementation of irrigation 
systems in vineyards. 
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Appendix A – Climatic shifts in the high quality wine production areas, 
Emilia-Romagna, Italy, 1961–2015 
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Appendix B – Climate change trends, grape production, and potential alcohol 
concentration in Italian wines 
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CHAPTER 3 
Predictions of climate change in the Emilia-Romagna’s DOP 
appellation areas until the end of the 21st century 
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3 Predictions of climate change in the Emilia-Romagna’s DOP appellation 
areas until the end of the 21
st
 century   
 
3.1 Introduction 
 
Vitis vinifera is perennial plant allowing commercial exploitation during at least couple of decades 
(Lereboullet et al., 2014), thus a long-term strategy needs to be applied to maximize commercial 
exploitation of planted vineyards. Therefore, climate change predictions are a valuable tool for 
development of long-term strategies (e.g. planting new cultivar). A recent study evaluated the importance 
of climate predictions for long-term decision making by examining 156 Australian 
vinegrowers/winemakers through the online survey (Dunn et al., 2015). Results indicated that 42% of 
participants consider information related to climate predictions ‘very much’ useful to determine their 
long-term strategies while 35% of participants consider this information ‘somewhat’ useful. Furthermore, 
48% of participants indicated that climate predictions in the 6–10 year’s timeframe would help to develop 
long-term strategies while 73% of participants indicated that future climate information in timeframe 6–
20 years may be useful to decide grape variety. Apart from timeframe, spatial scale and climate data 
resolution are playing important role in decision making. Dunn et al. reported that ~85% of participants 
consider that climate prediction information at ‘somewhat local’ (e.g. averaged over specific locality) are 
useful in long-term decision making.  
It is well known that global warming is caused by human activities (Fig. 1.1), related to the emission of 
greenhouse gases, aerosols and their precursors into the atmosphere. Thus, climate change prediction will 
strongly depend on the concentration of these compounds (whether already present or emitted afterwards) 
in the atmosphere during future decades and centuries. In that regard, in the Fifth Assessment Report 
(AR5), Intergovernmental Panel of Climate Change (IPPC) introduced 4 new climate scenarios called 
Representative Concentration Pathways (RCP), RCP 2.6, RCP 4.5, RCP 6 and RCP 8.5 (Stocker et al., 
2013). RCP scenarios are estimating the global warming according to trajectories of air greenhouses gases 
concentration (e.g. CO2, CH4, N2O etc.), aerosols and their precursors, which concentration will depend 
on the socio-economic development of human society. Concentration of air CO2 (not the only greenhouse 
gas, however the most relevant) during the pre-industrial era was ~280 ppm while a current concentration 
of air CO2 is ~400 ppm. Whereas, according to RCP scenarios until the end of the 21
st
 century air CO2 
concentration will reach ~420 ppm, ~540 ppm, ~670 ppm and ~940 ppm according to RCP 2.6, RCP 4.5, 
RCP 6 and RCP 8.5, respectively (Stocker et al., 2013). Combined with other greenhouse gases, aerosols 
and their precursors, equivalent of air CO2 concentration will be even higher until the end of the 21
st
 
century (Fig. 3.1), which could cause increase of global temperature from 1–4°C, depending on RCP 
scenario (Fig. 3.2).  
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Figure 3.1 Air concentrations of greenhouse gases (e.g. CO2, CH4, N2O etc.), aerosols and their 
precursors until the end of the 21st century according to RCP scenarios presented as the equivalent of air 
CO2 concentration (modified from https://19january2017snapshot.epa.gov/climate-change-science/future-
climate-change_.html). 
For climatological studies often used RCP scenarios are 4.5 and 8.5 (Fraga et al., 2015; Lee et al., 2015; 
Shope et al., 2016). RCP 4.5 is assuming that radiative forcing (difference between energy absorbed by 
the Earth and energy radiated back to space, in other words global warming) will be stabilized by the end 
of the 21
st
 century, while RCP 8.5 represents the worst-case RCP scenario assuming that radiative forcing 
will continue to increase even after the 21
st
 century (Fig. 3.1; Fig. 3.2).  
                             
Figure 3.2 Average global surface temperature change until the 21st century according to RPCs scenarios 
(modified from Stocker et al., 2013). 
Thus, evaluation of climate predictions at local spatial scale (11 x 11km) during the periods 2018–2027 
and 2011–2040, under RCP 4.5 and RCP 8.5 scenarios, in the Emilia-Romagna DOP appellation areas 
may help local viticulturists and winemakers to develop long-term strategies. Additionally, the period 
2071–2100 was studied as well. 
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3.2 Materials and Methods 
 
3.2.1 Study region, model data and bioclimatic indices 
 
Study region is the entire Emilia-Romagna with DOP areas (see 2.2.1). Mathematical definitions same as 
classifications of used BIs in the present study are presented in Table 2.1. Daily minimum temperatures, 
maximum temperatures and precipitation climate data were obtained from ‘Coordinated Regional Climate 
Downscaling Experiment’ (CORDEX) project (http://cordex.org/). The core of CORDEX project 
presents an ensemble of Regional Climate Models (RCM) obtained with empirical statistical downscaling 
from Global Climate Models, which are made for two Representative Concentration Pathways scenarios 
(RCP 4.5 and RCP 8.5). Used climatological data for past period (1961–1990, as the standard 
climatological period) and future periods (2018–2027, 2011–2040 and 2071–2100) are in local spatial 
scale ~11 x 11km. Whereas, BIs for the past were calculated with historical data while BIs for the future 
were calculated from 9 RCM (Table 3.1). The bias of RCM data used for BIs calculation was corrected 
and adjusted according to http://cordex.org/data-access/bias-adjusted-rcm-data/. Prior to calculation 
climate data were spatially interpolated to 5 x 5 km local scale to 1024 grid cells. 
 
          Table 3.1 List of all Global Climate Model/ Region Climate Model chains used in present study. 
GCM RCM 
CNRM-CERFACS-CNRM-CM5 CCLM4-8-17 
ICHEC-EC-EARTH CCLM4-8-17 
MOHC-HadGEM2-ES CCLM4-8-17 
MPI-M-MPI-ESM-LR CCLM4-8-17 
ICHEC-EC-EARTH HIRHAM5 
ICHEC-EC-EARTH RACMO22E 
MOHC-HadGEM2-ES RACMO22E 
MPI-M-MPI-ESM-LR REMO2009 
MPI-M-MPI-ESM-LR REMO2009 
 
3.2.2 Statistical analysis 
 
Student t-test with 95% confidence level was applied to evaluate statistical differences in mean of a 
dependent variable (e.g. BI) for each grid cell between the standard period (1961–1990) and other studied 
periods (2018–2027, 2011–2040 and 2071–2100). Statistical test is run on one model (e.g. MPI-M-MPI-
ESM-LR/CCLM4-8-17), one RCP scenario (e.g. RCP 4.5) and one studied period (e.g. 1961–1990 vs 
2011–2040) each time. If ≥5 models (9 in total) are statistically significant according to Student t-test in 
the same grid cell for the same period (e.g. 1961–1990 vs 2011–2040), same BI (e.g. HI) under same 
scenario (e.g. RCP 4.5), those areas are marked as dotted on the figures. In other words, differences of ≥5 
models are greater than ‘natural’ climatological variability or ensemble of models give statistically 
significant change. 
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3.3 Results and Discussion 
 
Growing season mean temperature (Tmean), as it was discussed in Chapter 2 (see 2.3) during the period 
1961–1990 was mainly characterized as ‘warm’ (for classification definition see Table 2.1) for most of 
the DOP zones in the ER (Fig. 3.3). Comparing to the period 1961–1990, Tmean could significantly 
increase for the all other studied periods (2018–2027, 2011–2040 and 2071–2100) under both RCP 
scenarios (4.5 and 8.5) (Fig. 3.4a; Fig. 3.4b; Fig. 3.4c; Fig. 3.5a; Fig. 3.5b; Fig. 3.5c). Due to 
temperature potential increase, most DOP zones in the ER may be characterized as ‘hot’ during periods 
2018–2027 and 2011–2040 for both scenarios RCP 4.5 and RCP 8.5 (Fig. 3.4a; Fig. 3.4b; Fig 3.5a; Fig 
3.5b). A recent study reported that the majority of  DOP zones in the ER were characterized as ‘hot’ 
during the period 1986–2015 (Teslić et al., 2017). Thus, results from the present study are suggesting that 
Tmean may increase slightly until 2040 comparing to current conditions, under both RCP scenarios. 
According to RCP 4.5 scenario during the period 2071–2100 certain central and northeastern DOP areas 
of the ER may be characterized as ‘very hot’ while the rest of DOP areas may be characterized as ‘hot’, 
conditions which may be suitable for production of high-quality grapes/wines, however adjustments 
would be necessary (e.g. new grape varieties) (Fig. 3.4c). On the other hand, according to RCP 8.5 
scenario many DOP areas in the ER may be characterized as ‘too hot’, conditions in which production of 
high-quality grapes/wines with current technology and varieties would be questionable (Fig. 3.5c). 
Obtained results are suggesting that the ER may be suitable for the production of high-grapes/wines at 
least until 2040, whereas further suitability will depend on factors related to wine industry development 
(vine adaptation on warmer conditions, technology development) and external factors (reduction of 
greenhouse emissions into the atmosphere). 
   
                 
Figure 3.3 Average growing season mean temperature for the period 1961–1990 in the Emilia-Romagna, 
calculated with historical data previously described in Chapter 2 (see 2.2.2). 
[°C] 
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Figure 3.4 Growing season mean temperature in the Emilia-Romagna for the periods a) 2018–2027 b) 
2011–2040 and c) 2071–2100, calculated as median of 9 models under RCP 4.5 scenario. Dotted areas are 
statistically significant (p < 0.05) according to t-test. 
a) 
b)
c)
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Figure 3.5 Growing season mean temperature in the Emilia-Romagna for the periods a) 2018–2027 b) 
2011–2040 and c) 2071–2100 calculated as median of 9 models under RCP 8.5 scenario. Dotted areas are 
statistically significant (p < 0.05) according to t-test. 
 
c)
b)
a)
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Comparing to the period 1961–1990 potential temperature increase could cause decrease number of days 
with maximum temperature in the range 25–30 °C (ND 25–30°C) during the studied periods 2018–2027 
(data not shown) and 2011–2040, under both RCP scenarios (RCP 4.5 [data not shown] and RCP 8.5) in 
the entire ER (Fig. 3.6a; Fig. 3.7a).  
                                       
                 
Figure 3.6 Average number of days with a) maximum temperature in the range 25–30°C b) maximum 
temperature >30°C, in the Emilia-Romagna during the period 1961–1990, calculated with historical data 
previously described in Chapter 2 (see 2.2.2). 
Obtained results are also suggesting that differences in ND 25–30°C could be minor between 1961–1990 
vs 2018–2027 and 1961–1990 vs 2011–2040 under same RCP scenario (e.g. RCP 4.5), similar as 
differences between same period (e.g. 1961–1990 vs 2011–2040) under RCP 4.5 and RCP 8.5 scenarios 
(data not shown). Potential decrease of ND 25–30°C could have a negative impact on grape quality as it 
was previously described in Chapter 2 (see 2.3). Interestingly, ND 25–30°C in the ER during the period 
1961–1990 vs 2071–2100 under both RCP scenarios increased comparing to e.g. period 1961–1990 vs 
2011–2040 under RCP 8.5 scenario (Fig. 3.7a; Fig. 3.7b; Fig. 3.7c). In some mountain areas of the ER 
ND 25–30°C during e.g. 2071–2100 RCP 8.5 scenario, could be higher even that during 1961–1990 (Fig. 
3.7b). 
[days] 
[days] 
b)
a)
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Figure 3.7 Difference in number of days during growing season with maximum temperature in the range 
25–30°C between periods a) 1961–1990 vs 2011–2040 under RCP 8.5 scenario b) 1961–1990 vs 2071–
2100 under RCP 8.5 scenario c) 1961–1990 vs 2071–2100 under RCP 4.5 scenario, in the Emilia-
Romagna calculated as median of 9 models. Dotted areas are statistically significant (p < 0.05) according 
to t-test. 
a)
b)
c)
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Figure 3.8 Difference in number of days during growing season with maximum temperature above 30°C 
between periods a) 1961–1990 vs 2011–2040 under RCP 8.5 scenario b) 1961–1990 vs 2071–2100 under 
RCP 8.5 scenario c) 1961–1990 vs 2071–2100 under RCP 4.5 scenario, in the Emilia-Romagna calculated 
as median of 9 models. Dotted areas are statistically significant (p < 0.05) according to t-test 
 
a)
b)
c)
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In comparison with the period 1961–1990, number of days with maximum temperature above 30°C 
during growing season (ND > 30°C) could significantly increase over entire ER region in all studied 
periods (2018–2027 [data not shown], 2011–2041 and 2071–2100) under both RCP scenarios (Fig. 3.6b; 
Fig. 3.8a; Fig. 3.8b; Fig 3.8c), which could negatively influence the grape quality (see 2.3). While in the 
closer future ND > 30°C in the ER according to RCP scenarios doesn’t differ to a large extent (e.g. 
differences between 1961–1990 vs 2011–2040 under RCP 4.5 and 1961–1990 vs 2011–2040 under RCP 
8.5), until the end of the 21
st
 century ND > 30°C will be notably higher during the period 2071–2100 
under RCP 8.5 scenario comparing to the period 2071–2100 under RCP 4.5 scenario (Fig 3.8b; Fig 3.8c), 
suggesting that development of wine industry will also depend on external factors (reduction of 
greenhouse emissions into atmosphere).              
Night temperatures over many DOP zones in the ER during the period 1961–1990 (Fig 3.9) same as 
during the period 1986–2015 (Table 2.2) were characterized as ‘cool nights’ (for classification definition 
see Table 2.1).  
               
Figure 3.9 Average Cool Night Index for the period 1961–1990 in the Emilia-Romagna, calculated with 
historical data previously described in Chapter 2 (see 2.2.2). 
However due to potential temperature increase during the following decades (2018–2027 [data not 
shown] and 2011–2041) according to both RCP scenarios (RCP 4.5 [data not shown] and RCP 8.5) night 
temperatures could be characterized ‘temperate nights’ over many DOP zones in the ER (Fig. 3.10a). 
Until the end of the 21
st
 century night temperatures could be even characterized even as ‘warm nights’ in 
certain DOP zones which will depend whether RCP 8.5 or RCP 4.5 scenario occur in the future (Fig. 
3.10b; Fig. 3.10c). Therefore, results are suggesting that in certain DOP zones night temperatures might 
exceed by far optimal conditions for anthocyanins synthesis which is in the range 10–15°(Kliewer, 1977; 
Tonietto and Carbonneau, 1998). Thus, production of red grape varieties in those areas would be 
questionable. 
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Figure 3.10 Cool Night Index in the Emilia-Romagna for the periods a) 2011–2040 under RCP 8.5 
scenario b) 2071–2100 under RCP 8.5 scenario and c) 2071–2100 under RCP 4.5 scenario, calculated as 
median of 9 models. Dotted areas are statistically significant (p < 0.05) according to t-test. 
 
a)
b)
c)
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According to Huglin classification (for classification definition see Table 2.1) most DOP zones in the ER 
were characterized as ‘temperate/warm temperate’ during the period 1961–1990 (Fig. 3.11). However, 
due to a temperature increase during the period 1986–2015 majority of DOP zones were characterized as 
‘temperate warm/warm’ (Teslić et al., 2017).                
Obtained results from present study are suggesting that according to both RCP (RCP 4.5 [data not shown] 
and RCP 8.5) scenarios until the 2040 (periods 2018–2027 [data not shown] and 2011–2040) the majority 
of DOP zones may be still characterized as ‘temperate warm/warm’ (Fig 3.12a). Thus, strictly according 
to Huglin classification the ER would be suitable for cultivation of high-quality grapes until 2040. 
However, according to both RCP scenarios until the end of the 21
st
 century many DOP zones will be 
characterized as ‘warm’ (Fig. 3.12b; Fig. 3.12c). Therefore, according to Huglin classification, 
implementation of certain adjustments (planting new grape varieties) would be necessary to produce high-
quality grapes in the DOP zones of the ER, if even possible, especially in case of RCP 8.5 scenario.  
 
 
 
 
                  
Figure 3.11 Average Huglin Index for the period 1961–1990 in the Emilia-Romagna, calculated with 
historical data previously described in Chapter 2 (see 2.2.2). 
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Figure 3.12 Huglin Index in the Emilia-Romagna for the periods a) 2011–2040 under RCP 8.5 scenario 
b) 2071–2100 under RCP 8.5 scenario and c) 2071–2100 under RCP 4.5 scenario, calculated as median of 
9 models. Dotted areas are statistically significant (p < 0.05) according to t-test. 
 
a)
b)
c)
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Due to temperature rising growing season thermal accumulation expressed as Growing Degree Day 
(GDD), increased significantly during the studied periods 2018–2027 (data not shown) and 2011–2040 
comparing to the period 1961–1990 (Fig. 3.13; Fig. 3.14a). Increase of GDD occurred according to both 
RCP scenarios (RCP 4.5 [data not shown] and RCP 8.5). Similarly to HI, warming resulted in 
classifications shifts of DOP zones, whereas during the period 1961–1990 the majority of DOP zones in 
the ER were characterized as ‘Region 2/Region 3’ according to Winker classification (for classification 
definition see Table 2.1) while during the studied periods 2018–2027 and 2011–2040 (under both RCP 
scenarios) those zones were characterized as ‘Region 3/Region 4’. Furthermore, a recent study reported 
that DOP zones in the ER were characterized as ‘Region 3/Region 4’ during the 1986–2015 (Teslić et al., 
2017), suggesting that only slight warming could occur until 2040 comparing to nowadays conditions. 
 
 
 
 
 
                    
Figure 3.13 Average Growing Degree Day Index for the period 1961–1990 in the Emilia-Romagna, 
calculated with historical data previously described in Chapter 2 (see 2.2.2). 
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Figure 3.14 Growing Degree Day Index in the Emilia-Romagna for the periods a) 2011–2040 under RCP 
8.5 scenario b) 2071–2100 under RCP 8.5 scenario and c) 2071–2100 under RCP 4.5 scenario, calculated 
as median of 9 models. Dotted areas are statistically significant (p < 0.05) according to t-test. 
 
a)
b)
c)
 54 | P a g e  
 
However, further warming towards the end of the 21
st
 century (2071–2100) will cause that many DOP 
zones in the ER is going to be classified as ‘Region 4/Region 5’ if RCP 4.5 scenario occur or even 
‘Region 5/Too hot’ if RCP 8.5 scenario occur (Fig. 3.14b; Fig. 3.14c). Thus, high-quality grape 
production will be questionable, especially in the case of RCP 8.5 scenario.    
During the period 1961–1990 in the ER, growing season precipitation varied from approximately 400 to 
550 mm in most of the vineyard area (Fig. 3.15).  
 
 
                      
Figure 3.15 Total precipitation for the period 1961–1990 in the Emilia-Romagna, calculated with 
historical data previously described in Chapter 2 (see 2.2.2). 
According to RCP 4.5 scenario total precipitation could decrease in the majority of DOP vineyard zones 
during the all studied periods (2018–2027, 2011–2040 and 2071–2100) comparing to the period 1961–
1990 (Fig. 3.16a; Fig. 3.16b; Fig. 3.16c). While, in certain central and northwestern vineyard areas, same 
as areas of Po River Delta could increase during the 2018–2027 and 2011–2040 (Fig. 3.16a; Fig. 3.16b). 
Interestingly, according to RCP 8.5 scenario noticeably larger surface of DOP zones could have more 
growing season total precipitation during the periods 2018–2027 and 2011–2040 comparing to the same 
periods according to RCP 4.5 scenario (Fig. 3.16a; Fig. 3.16b; Fig. 3.17a; Fig. 3.17b). On the other 
hand, during the period 2071–2100 growing season total precipitation could be noticeably lower in the 
most of DOP zones according to RCP 8.5 scenario comparing to the same period under RCP 4.5 (Fig. 
3.16c; Fig. 3.17c).  
[mm] 
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Figure 3.16 Relative difference in total precipitation during growing season between periods a) 1961–
1990 vs 2018–2027 b) 1961–1990 vs 2011–2040 c) 1961–1990 vs 2071–2100, under RCP 4.5 scenario in 
the Emilia-Romagna calculated as median of 9 models. Dotted areas are statistically significant (p < 0.05) 
according to t-test. 
c)
b)
a)
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Figure 3.17 Relative difference in total precipitation during growing season between periods a) 1961–
1990 vs 2018–2027 b) 1961–1990 vs 2011–2040 c) 1961–1990 vs 2071–2100, under RCP 8.5 scenario in 
the Emilia-Romagna calculated as median of 9 models. Dotted areas are statistically significant (p < 0.05) 
according to t-test. 
a)
b)
c)
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Dry Spell Index (DSI) which was related to increase of grape sugar concentration in Sangiovese wines 
from ‘Romagna Sangiovese’ appellation area (see 4.2.2.2) could significantly increase during the all 
studied periods (2018–2027 [data not shown], 2011–2040 [data not shown] and 2071–2100) under both 
RCP scenarios (Fig. 3.19a; Fig. 3.19b) comparing to the period 1961–1990. The potential increase of 
DSI could be up to 5 days in most DOP zones during 2018–2027 and 2011–2040 under both RCP 
scenarios (data not shown). In certain DOP zones DSI could increase up to 10 days during the period 
2071–2100 under RCP 4.5 scenario, or even up to 15 days during the same period under RCP 8.5 scenario 
(Fig. 3.19a; Fig. 3.19b). Thus, obtained results are suggesting that grape sugar concentration might be 
even higher in the future decades. Normally, grape sugar concentration positively is related to increase 
DSI up to a certain limit, whereas too long drought periods could have a negative impact on grape quality 
(if not irrigated). 
 
 
 
 
                  
Figure 3.18 Dry Spell Index for the period 1961–1990 in the Emilia-Romagna, calculated with historical 
data previously described in Chapter 2 (see 2.2.2). 
 
 
 
 
 
 
[days] 
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Figure 3.19 Difference in Dry Spell Index during growing season between periods a) 1961–1990 vs 
2071– 2100 under RCP 4.5 scenario b) 1961–1990 vs 2071–2100 under RCP 8.5 scenario, in the Emilia-
Romagna calculated as median of 9 models. Dotted areas are statistically significant (p < 0.05) according 
to t-test. 
 
 
 
 
a)
b)
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Water availability to vines during the growing season, expressed as Dryness Index (DI) could decrease in 
the ER during the periods 2018–2027 (data not shown) and 2011–2040 according to both RCP scenarios 
(RCP 4.5 [data not shown] and RCP 8.5) comparing to the period 1961–1991(Fig. 3.21; Fig. 3.22a). 
Similar results were reported in a recent study whereas DI decreased during the period 1986–2015 
comparing to the period 1961–1991 (Teslić et al., 2017). However, even if potential decrease is possible, 
until 2040 most DOP zones in the ER should be characterized as ‘humid/moderately dry’ (for 
classification definition see Table 2.1) under both RCP scenarios (RCP 4.5 - data not shown) (Fig. 
3.21a).  
                  
Figure 3.20 Dryness Index for the period 1961–1990 in the Emilia-Romagna, calculated with historical 
data previously described in Chapter 2 (see 2.2.2). 
In this view, the ER should be suitable for production of high-quality grapes/wines until 2040. On the 
other hand, towards the end of the 21
st
 century, due to precipitation decrease and temperature increase 
during the period 2071–2100 (Fig. 3.4c; Fig. 3.5c; Fig. 3.16c; Fig. 3.17c), certain DOP zones in the ER 
could be characterized as ‘sub-humid’ according to RCP 4.5 scenario (Fig. 3.21c). While during the same 
period (2071–2100) and according to RCP 8.5 scenario most DOP zones in the ER could be characterized 
as ‘sub-humid’ (Fig. 3.21b). Obtained results are suggesting that those zones could potentially need an 
implementation of irrigation systems. 
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Figure 3.21 Difference in Dryness Index during growing season between periods a) 1961–1990 vs 2011–
2040 under RCP 8.5 scenario b) 1961–1990 vs 2071– 2100 under RCP 8.5 scenario c) 1961–1990 vs 
2071–2100 under RCP 4.5 scenario, in the Emilia-Romagna calculated as median of 9 models. Dotted 
areas are statistically significant (p < 0.05) according to t-test. 
a)
b)
c)
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3.4 Conclusions 
 
Results obtained in the present study are suggesting that weather conditions until 2040 in the DOP zones 
of the ER could be suitable for production of high-quality grapes. Whereas, comparing to nowadays 
weather conditions could be slightly hotter and dried under both RCP scenarios (RCP 4.5 and RCP 8.5). 
However, towards the end of the 21
st
 century, certain DOP zones in the ER could become too hot and 
noticeably drier, whereas production of high-quality grapes with current technology and grape varieties 
could be questionable, particularly under RCP 8.5 scenario.  
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Influence of climate change on grape quality and quantity 
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4 Influence of climate change on grape quality and quantity 
 
Teslić, N., Zinzani, G., Parpinello, G.P., Versari, A. 2018. Climate change trends, grape production, and potential 
alcohol concentration in wine from the “Romagna Sangiovese” appellation area (Italy). Theoretical and Applied 
Climatology 131, 793–803 
 
4.1  Introduction 
 
Wine industry (from production aspect) could roughly be divided into grape production and wine 
production, whereas the influence of climate change is more directly related to grape production. On the 
other hand, even though wine production can be directly influenced by climate change (e.g. higher energy 
utilization for cooling systems), it is mostly indirectly affected through utilization of grapes. Thus, to fully 
understand the influence of climate change on wine industry it is required to find links between plant 
development and climatic factors. 
4.1.1 Grape phenology 
 
During the vegetative and reproductive cycles, Vitis vinifera undergoes diverse physiological and 
morphological changes. In the vine reproductive cycles, which are separated by dormancy period, there 
are four principal phenological stages: bud burst, flowering, véraison and maturity. The length and 
timing of each individual stage are determined by climatic and non-climatic factors. The most important 
climatic factor is air temperature (Malheiro et al., 2013) and certain temperature derived factors, such as 
thermal accumulation (Urhausen et al., 2011). While other climatic factors as precipitation and sunshine 
duration have often lesser influence on phenological stages (Tomasi et al., 2011; Urhausen et al., 2013). 
From the non-climatic factors, grape variety has a key role in vine development and length of 
phenological stages (de Cortázar-Atauri et al., 2009; Jones and Davis, 2000; Tomasi et al., 2011).  
Bud break represents the beginning of growth cycle (de Cortázar-Atauri et al., 2009), which depending 
on vineyard location and variety occurs from February to April in the Northern Hemisphere (Malheiro et 
al., 2013; Urhausen et al., 2011) or from August to October in the Southern Hemisphere (Hall et al., 
2016). Growth cycle or bud burst period starts with bud swelling (0 BBCH scale; for BBCH scale see 
Appendix D) and continues with gradual bud development, advances with full bud burst (green shoot tips 
are clearly visible on 50 % of buds, 8 BBCH scale) and last until the forming of the first leaves (11 
BBCH scale). In literature, for easier comparison between different wine regions, it is often assumed and 
adopted that period of a few successive days with daily temperature of 10°C presents a minimum 
threshold required for bud burst initiation (Winkler et al., 1974), however minimum threshold is strongly 
determined by variety (de Cortázar-Atauri et al., 2009). Anyhow, air temperature or temperature 
derived factors (e.g. thermal accumulation) have a key role in bud burst initiation, thus warming and 
climate change could influence the beginning of growth cycle to a great extent. In fact, Urhausen et al. 
(2011) investigated phenology of cv. Riesling in Luxembourg during the period 1951–2005, and reported 
earlier bud burst occurrence under warmer conditions by two weeks. Another study investigated 
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phenology of several autochthonous grape varieties in Portuguese wine region during the 20 years period, 
and detected bud break precocity under higher temperatures by a week. However, earlier bud break was 
reported for only one grape variety, which suggested the importance of grape variety on the final outcome 
(Malheiro et al., 2013). In certain cases, a significant warming period doesn’t necessary involves earlier 
bud burst dates which was confirmed in Italian wine region Veneto. Whereas significant growing season 
temperature increases (2.3°C) were reported during the long-term period (1964–2009), however without 
earlier significant bud burst occurrence for all 18 varieties (Tomasi et al., 2011). Further anticipation of 
bud burst timing under warmer conditions is also expected in the future decades (2041–2070), whereas 
depending on location, bud burst could occur up to 30 days earlier (Fraga et al., 2016). 
The period between bud burst and flowering (09–52 BBCH scale) are followed with accelerated 
expansion of leaf area. Apart from an earlier occurrence of phenological stages, even period between two 
events (e.g. bud burst to flowering) could be shorter as it was reported in Italian wine region (Tomasi et 
al., 2011). Flowering period is the second phenological stage of vine reproductive cycle that starts with 
first clearly visible inflorescences (53 BBCH scale), advances with full flowering stage (50% of fallen 
flowerhoods; 65 BBCH scale) and finishes few days prior to fruit set (69 BBCH scale). In the Northern 
Hemisphere, full blooming occurs from the middle of May to the end of June (Jones and Davis, 2000; 
Ramos et al., 2015; Tomasi et al., 2011), while in the Southern Hemisphere from the middle of October 
to the middle of December (Fraga, 2014). Similarly to bud burst, air temperature has a paramount impact 
on triggering of full flowering. In particular, in Germany during long-term period (1968–2010), maximum 
air temperature increase (1°C) resulted in an advance of full flowering dates for approximately 6 days 
(Bock et al., 2011). Advancing of flowering timing in the magnitude of 23 days was also reported in 
France during the second half of the 20
th
 century (Duchêne and Schneider, 2005), indicating a further 
earlier occurrence of blooming in the future decades, which was suggested by other study as well (Fraga 
et al., 2016). 
Weeks after full blooming (65 BBCH scale) and prior to full véraison (83 BBCH scale) are characterized 
by falling of remaining flowerhoods, fruit setting and gradual development of grape berries which is 
followed by synthesis and accumulation of sugars, acids, phenolic compound, aroma precursors etc. The 
length of the period between flowering and véraison is strongly determined by climatic factors. In 
particular warming from 1970 to 1997 in the Bordeaux (France) resulted in decrease duration of the 
period for 4 days (Jones and Davis, 2000). Apart from temperature a grape variety is also essential for 
the length of this period. These conclusions were reported in a recent study, whereas in the Dois Portos 
(Portugal), higher temperatures caused a significant reduction in the length of the period between from 
blooming and véraison for two autochthon grape varieties which was not the case for other two grape 
varieties (Malheiro et al., 2013). Véraison is the third phonological stage of vine growing cycle which 
starts with the first occurring of colored berries (81 BBCH scale), continues with full véraison (50% of 
colored berries; 83 BBCH scale) and finishes when all berries have characteristic variety color (85 BBCH 
scale). This phenological phase occurs from the end of July to the beginning of September  in the 
Northern Hemisphere (Jones and Davis, 2000; Tomasi et al., 2011; Urhausen et al., 2011), and from 
the middle of December to the middle of February in the Southern Hemisphere (Fraga, 2014). As for all 
phenological stages, temperature and heat accumulation influence the occurrence of full véraison to large 
extent. The impact of temperature was reported by Tomasi et al. (2011), whereas an earlier occurrence of 
véraison was detected in Italy (13 days). These trends of earlier occurrence of véraison are also expected 
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to continue in the future decades up to 30 days in Spain and Italy (Fraga et al., 2016), indicating the 
necessity to develop adaptation to these changes.  
The period between full véraison (83 BBCH) and full maturity or harvest timing (89 BBCH) is followed 
by further accumulation of some grape berry compounds (e.g. sugars) and degradation of certain 
compounds (e.g. malic acid, aromatic precursors, see 4.1.2–4.1.5). Duration of this period depends on air 
temperature (Malheiro et al., 2013), which increase in not necessarily sufficient for the period shortening 
(Bock et al., 2011). The last stage of the berry growth cycles finishes with full maturity (89 BBCH) when 
grapes have reached technological maturity (optimal ratio between sugars and acids) and/or phenological 
maturity (developed secondary metabolites, e.g. phenolic compounds, aroma precursors). The harvest of 
fully mature grapes occurs from the middle of September to the beginning of November in the Northern 
Hemisphere (Bock et al., 2011; Jones and Davis, 2000; Malheiro et al., 2013; Tomasi et al., 2011)  and 
from the middle of February to the middle of April in the Southern Hemisphere (Fraga, 2014). Similarly, 
to other phenological stages, air temperature is the major climate factor which determines harvest date. 
This was clearly concluded in many studies which reported that increase of temperatures caused earlier 
occurrence of grape maturity in Italy (Tomasi et al., 2011), Portugal (Malheiro et al., 2013), France 
(Jones and Davis, 2000), Slovenia (Vršič et al., 2014), Germany (Bock et al., 2011), Australia (Petrie 
and Sadras 2008), Slovakia (Jones et al., 2005), Spain (Ramos et al., 2008) etc. However, some studies 
reported lack to advanced maturity even if significant temperature increase was detected, indicating the 
importance of other factors as well (e.g. grape variety) (Duchêne and Schneider, 2005; Jones et al., 
2005; Malheiro et al., 2013). Due to most likely warming in the future decades earlier occurrence of 
harvest dates is expected to be continued, in the magnitude up to from 30 to 40 days in some parts of 
Spain, Italy, France, Greece (Fraga et al., 2016) etc. 
4.1.2 Grape sugars  
 
Vitis vinifera during the process of photosynthesis produces carbohydrates (sugars) which are natural 
reservoirs of energy required for plant development. Sugars are synthesized in leaves as sucrose, 
translocated via phloem to fruits (Swanson and El - Shishiny, 1958) and cleaved into hexoses by 
enzymatic activity of invertase for further utilization or storage in vacuoles (Davies et al., 2012). Sugar 
concentration in berries, apart from obvious influence on sweetness of grapes/wines and alcohol level of 
wines, through genes expression and regulation can also influence secondary metabolites assimilation 
(Davies et al., 2012). The influence of climate change on higher sugar content in grape berry and elevated 
ethanol content in wines could be cause by several factors such as atmospheric CO2 concentration, higher 
temperatures and moderate water stress. In particular, temperature increase and elevated air CO2 
concentration (up to 30°C and 800 ppm CO2, respectively) (Greer and Weedon, 2012; Long et al., 
2004), may enhance photosynthetic process and hasten pace of phenological events (Duchêne and 
Schneider, 2005; Jones, 2012). This accelerated pace of phenological events causes faster sugar 
accumulation since their synthesis is preferential comparing to the synthesis path of secondary 
metabolites, such as anthocyanins (Martínez-Lüscher et al., 2016). Furthermore, hasten pace of 
phenological stages is causing grapes to arrive earlier at technological maturity (optimum ratio between 
grape sugar content and acidity), while aroma and phenolic compounds remain undeveloped. On the other 
hand, if grape growers leave bunches to hang on vines and wait for aroma and phenolic compounds to 
develop, acidity values may reach level below optimum due to the respiration and malic acid degradation, 
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while sugar content reaches a higher than optimum level (Jones, 2012), which will finally cause 
production of unbalanced wines. The influence of air temperature on sugar content in berries was reported 
in the Upper Moselle wine region (Luxembourg), whereas in the period from 1965 to 2005 cv. Riesling 
must density increased for 0.3±0.2°Oe. Furthermore, in the same wine region similar observations were 
detected for another six grape varieties (e.g. cv. Traminer, cv. Pinot Blanc etc.) (Urhausen et al., 2011). 
Similar findings were also reported in the Lower Franconia (Germany), whereas during the 61 years 
period (1950–2010) grape sugar content increased for 2.4°Oe per decade (Bock et al., 2011). In another 
study, authors speculated that increasing warmth Alsace (France) could also cause production of grapes 
with elevated sugar content (Duchêne et al., 2010), confirming that temperature plays an important role 
on berry sugar content at the harvest. However, sugar content increase with increasing temperature trends 
during the relatively long period (few decades) is not a ‘thumb rule’. Jones and Davis (2000) reported 
lack of sugar content increasing trends for cv. Cabernet Sauvignon and cv. Merlot in the Bordeaux 
(France), even if increasing temperatures were detected during the 28-year period (1970–1997). Apart 
from temperatures, moderate water stress may also accelerate sugar accumulation in berry as a result of 
inhibiting lateral shoot growth allowing transportation of carbohydrates to berries or as a direct effect of 
grapevine hormones (abscisic acid) activation during maturity process (Coombe, 1989). In this view, 
Poni et al. (2007) conducted partial root-zone drying on potted Sangiovese grapevine, simulating dry and 
wet conditions, whereas at harvest, vines submitted to dry conditions showed higher total soluble solids 
respect to the vines cultivated under wet conditions.  
4.1.3 Grape acids 
 
Grape berry contain a high number organic acids (Kliewer, 1966), whereas tartaric and malic acids are by 
far the predominant acids (over 90% of total berry acids) while other acids (e.g. citric, succinic, ascorbic 
etc.) are present in small concentrations (Ford, 2012). L-tartaric acid is stereoisomer naturally found in 
grape berries which synthesis occurs at the earliest stages of berry development and last until 40–50 days 
after blooming. Once synthetized, L-tartaric acid is accumulated in the berry vacuoles which 
concentration is generally constant (Ford, 2012). However, Ford (2012) suggested possible decrease of 
tartaric acid concentration in berries when exposed to high day temperatures (40°C) and night 
temperatures (30°C) during several days. Same as for tartaric acid, L-malic acid is naturally occurring 
stereoisomer in grape berries. The synthesis of malic acid in berries occurs in initial stages of berry 
development, primarily via β-carboxylation of phospho-enol-pyruvate to oxaloacetic acid, which is 
catalyzed by cytoplasmic enzyme phospho-enol-pyruvate carboxylase. Afterwards, oxaloacetic acid is 
used for malate synthesis which is catalyzed by malate dehydrogenase (Ford, 2012). Malic acid formed 
in early stages of berry development and peaking prior to véraison (Ryona et al., 2008). Malic acid is 
party degraded as berry ripening advances due to respiration and malic acid degradation (Lakso and 
Kliewer, 1975). The degradation of malic acid is strongly regulated by temperature, whereas at 
temperatures higher than 35°C have negative effect on malic acid concentration in berries (and wine total 
acidity afterwards) due inactivation of synthetic enzymes (Lakso and Kliewer, 1975). The impact of 
increasing temperatures on must acidity in general was reported in the Luxembourg, whereas from 1965 
to 2005 a negative trend of must acidity was detected for cv. Riesling (~0.1 g/L) (Urhausen et al., 2011). 
Similar finding were reported in the France, whereas decreasing trends of wine acidity under warmer 
conditions were detected in the period 1970–1997 for cv. Merlot and cv. Cabernet Sauvignon (Jones and 
Davis, 2000). Recent study reported that apart from elevated temperatures, a combination of higher 
 68 | P a g e  
 
temperatures with elevated air CO2 concentration also have a negative effect on must acidity (Martínez-
Lüscher et al., 2016). Lower water availability during dry vintages may also decrease wine acidity as it 
was reported in recent study (Vršič et al. 2014).  
 
4.1.4 Grape aromatic compounds and aroma precursors 
 
Wine headspace is very rich in aromas and contain from one to several hundred of aromatic compounds. 
Part of these compounds is released from grape aroma precursors via chemical and biochemical reactions 
during fermentation and wine ageing. The grape aroma precursors are primarily present in their non-
volatile form while volatile form occurs rarely (Darriet et al., 2012). The synthesis and accumulation of 
grape aromatic precursors takes place in grape berry and for certain compounds (e.g. 3-Isobutyl-2-
methoxypyrazine; IBMP) starts with fruit set, peaks prior to véraison and degrade as ripening advance 
(Ryona et al., 2008). Climate factors play an important role in final concentration of aromatic precursors 
in grape berries. In particular, IBMP present in Cabernet Franc, Cabernet Sauvignon, Sauvignon blanc, 
Semillon etc., contributing to ‘bell pepper’ sensation degrade at higher amount during vintages with 
higher temperatures (Allen and Lacey, 1993). Recent study reported that concentration of rotundone 
related to ‘black pepper’ sensation which is present in cv. Syrah, is negatively correlated with higher 
grape bunch zone temperatures (Zhang et al., 2015). Excessive berry temperatures are also related to 
lower concentration of terpenols (e.g. linanol, nerol, geraniol) in cv.s Moscatel de Alejandria and 
Moscatel rosada (Belancic et al., 1997). Vršić et al. (2014) reported that lower water availability during 
dry years may also cause reduction of aromatic compounds, confirming significance of the diverse 
climatic factors on final concentration of grape aroma precursors.  
 
4.1.5 Grape phenolic compounds 
 
The grape berries contain vast number of different phenolic compound which are important determinant 
of wine quality (Castellarin et al., 2012). The biosynthesis of all phenol compounds starts with 
production of phenylalanine amino acid via shikimate pathway, which links the synthesis of secondary 
metabolites (e.g. aromatic amino acids, phenols) with carbohydrate metabolism (Castellarin et al., 2012). 
Afterwards, formed phenylalanine is utilized for synthesis of phenolic compounds via phenylpropanoid, 
flavonoid and stilbenes pathways (Sparvoli et al., 1994). As for all components in grape berry, 
concentration of phenolic compounds if affected by climatic factors thus climate change may play an 
important role. In particular, water deficit resulted in increase of stilbene accumulation in cv. Cabernet 
Sauvignon berries which was absent in cv. Chardonnay berries, indicating also importance of varietal 
factor on final concentration of phenolic compounds (Deluc et al., 2011). Other studies reported negative 
impact excessive temperatures (>35°C) on anthocyanins concentration in cv. Cabernet Sauvignon (Mori 
et al., 2007), cv. Pinot noir (Mori et al., 2007), or cv. Aki Queen grapes (Yamane et al., 2006), due to 
inhibition of anthocyanin synthesis and degradation of existing anthocyanins (Castellarin et al., 2012). 
Furthermore, concentration of skin proanthocyanidins in cv. Merlot is also strongly related to heat 
summations, whereas both excessively lower and higher temperature decrease skin proanthocyanidins 
content at harvest (Cohen et al., 2008). UV-B radiation is another important factor for phenolic 
concentration which is not consequence of the climate change, but indirect cause of higher temperatures 
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and longer droughts. Higher UV-B radiation may promote stilbenes (Versari et al. 2001), flavonol and 
anthocyanins synthesis (Martínez-Lüscher et al. 2016). 
 
4.1.6 Grape yield 
 
Grape yield is also highly correlated to climatic factors thus climate change has a strong impact on crop 
load as well. Apart from climate factors alone, non-climatic factors such as soil fertility, air CO2 etc. play 
an important role in determination of crop yield at harvest. For example, warming in Spanish region Rı´as 
Baixas had a positive correlation with grape production during the period 1987–2005 (Lorenzo et al., 
2013). Reversely, in another Spanish wine region warming resulted decrease of the grape yield during the 
period 1952–2006 (Ramos et al., 2008). Ramos et al. (2008) also reported that precipitation reduction 
from blooming to véraison caused grape yield reduction. This may be explained with rapid cell division 
and reduced berry size that occurs with water stress (Peacock, 2005). Another study reported that water 
deficit during the dry years resulted in in grape yield reduction up to 53% (Ramos and Martínez-
Casasnovas, 2010). This negative effect of water stress and excessive heating on the grape yield is 
however partly compensated with an increase of air CO2 concentration as it was reported in several 
studies (Bindi et al., 1996; Kizildeniz et al., 2015; Moutinho-Pereira et al., 2009; Schultz, 2000). As it 
is clearly evident, the future production of grapes and crop load will depend on combination of climatic 
(e.g. temperature) and non-climatic (e.g. nitrogen availability) factors, thus some areas such as France and 
Germany may have higher grape yield in the future decades while certain areas as Spain may have lower 
grape yield (Fraga et al., 2016). 
 
4.2 Climate change trends, grape sugar content and grape yield of 
Sangiovese grapes from the Romagna area 
 
 
In this view, the present experiment aims to establish a relationship, if any, between total soluble solids in 
Sangiovese grapes and climate change trends evaluated with proper bioclimatic indices in the part of 
Romagna area (Fig. 4.1). Moreover, the experiment evaluated the trend of grape production and its 
correlation with climate variables for the same area.  
4.2.1 Materials and Methods 
 
4.2.1.1  Study region, grape sugar content and grape production data 
 
The Emilia-Romagna (ER) is located in the north of Italy and accounts for about 55,000 ha of vine 
cultivated surface which represent 8.1% of the total Italian vine cultivated surface and is the 2
nd
 wine-
producing region with 18% of the total Italian wine production by volume (harvest 2014). The Sangiovese 
(main red grape variety cultivated in Italy) wine production in the studied area represents approximately 
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70% of the entire ER region. The studied area is mostly located between 100 m and 300 m above sea 
level and stretches from 44°00’ to 44°50’ N latitude and from 11°50’ to 12°50’ E longitude (Fig. 4.1). 
 
Figure 4.1 Location of the studied part of Romagna area (adopted with permission from Teslić et al., 
2018). 
Sugar content in Sangiovese berries was obtained from seven commercial wineries located in the studied 
area for the period from 2001 to 2012. Berry sugar content was measured directly in the field, day before 
harvest, using a portable digital refractometer. Measuring grape sugar content instead of the alcohol 
concentration in wines is more suitable for experiments consisted with presented study. This is due to 
avoidance of possible overestimates or underestimates of results caused by enrichment practices (e.g. 
grape sugar additions during fermentation).  
Similarly, to the sugar content, the annual grape yield, produced on consistent vineyard surface, was 
obtained from the same seven wineries from 1982 to 2012. The dataset was averaged for every year 
between all seven wineries for grape sugar content and quantity of produced grapes. 
 
4.2.1.2 Meteorological data and bioclimatic indices 
 
Used bioclimatic indices (BI) were computed with values of daily maximum, mean, minimum 
temperatures and precipitation from the ENSEMBLES (E-OBS 0.25 deg. Regular grid, version 11.0; 
www.ecad.eu). Interpolated and gridded datasets were used for the period 1953–2013 from six grid cells 
(1, 2, 5, 6, 7 and 8; Fig 4.1) which covers the majority (~97%) of the total vineyards in studied area (Fig. 
4.1). Three grid cells in the bottom row (10, 11 and 12) were omitted from the calculations due to the 
small percentage (~3%) of vineyards in that area. Additional explanations related to the E-OBS dataset 
are described by Haylock et al. (2008). For validation purposes, all BI computed with E-OBS dataset 
were also computed with consistent data from seven weather stations (www.arpa.emr.it) for a short-term 
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period (2005–2013; Fig 4.1). A good correlation (r ≥0.9) was observed between BI values calculated 
from two datasets (E-OBS and weather stations), thus E-OBS dataset was suitable for the experiment. The 
bioclimatic indices used for this experiment were calculated as presented in Table 2.1 and Table 4.1. 
Table 4.1 Mathematic definitions and classes of used BIs. 
Bioclimatic  
index                                    
Mathematical  
definition Classes 
Temperature related indices 
Growing season 
 max and min  
temperature  
(Tmax;Tmin) 
 
 
 
 
     
 
 
∑    
      
    
      
 
 
∑    
      
    
 
 
Tx – Max air temperature (°C) 
Tm – Min air temperature (°C) 
N – Number of days  
 
          - 
 
 
 
 
 
 
 
Diurnal temperature 
 range (DTR)
1
 
 
 
 
    
 
 
∑      
     
    
 
 
Tx – Max air temperature (°C) 
Tm – Min air temperature (°C) 
 
 
          - 
 
 
 
 
1
(Ramos et al., 2008).
 
4.2.1.3 Statistical analysis 
 
Basic descriptive statistics (e.g. mean value and standard deviation) for BIs, grape sugar content and 
grape yield data were calculated. Trend analysis was performed by Mann-Kendall test (MKT)  (Kendall 
and Stuart, 1967; Mann, 1945), which is often used non-parametric test for detecting existing trends in 
meteorological, agrometeorological and hydrological datasets (Bardin-Camparotto et al., 2014; Ramos 
et al., 2008). To avoid over-fitting by insertion of auto-correlated data (Von Storch and Navarra, 1995), 
MKT was computed with Hamed and Ramachandra Rao (1998) modification. 
The relationship between BIs, grape sugar content and grape yield was assessed using a multiple linear 
regression method. To avoid co-linearity, the BI were removed by using backward removal approach until 
remaining indices did not satisfy criteria of tolerance value >0.2 and VIF value <4 (Neethling et al., 
2012). The determination coefficient ‘adjusted R2’ was used as an estimator of the ability of calculated BI 
to explain the model (Draper and Smith, 1981). Data homogeneity and occurrence of breaking points in 
the datasets were assessed using non-parametric Pettitt test (PT) (Pettitt, 1979).  
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4.2.2 Results and Discussion   
 
4.2.2.1 Bioclimatic indices 
 
Growing season maximum, mean and minimum temperatures had significantly increasing trends over the 
studied period with an increase of 0.04, 0.03 and 0.02°C/year, respectively. The total increasing trends 
were estimated as 2.20, 1.65 and 1.40°C from 1953 to 2013 for maximum, mean and minimum 
temperatures, respectively (Table 4.2). 
Table 4.2 Pettitt test (PT) and Mann-Kendall test (MKT) applied to meteorological data (1953–2013) in 
the studied area. NS: no significant trend; *: 90% significant trend. 
Index 
 
PT   
p-level 
PT  
Cutting point 
MKT  
 p-level 
MKT  
Trend year
-1 
MKT  
Total trend 
Tmax [°C] <0.0001 1984 <0.0001 0.04 2.20 
Tmean [°C] <0.0001 1989 <0.0001 0.03 1.65 
Tmin [°C] <0.0001 1984 <0.0001 0.02 1.40 
DTR [°C] 0.049 1984 0.023 0.01 0.79 
CI [°C] 0.648 NS 0.605 NS NS 
ND 25–30°C [days] 0.266 NS 0.096* -0.11 -6.71 
ND > 30°C [days] <0.0001 1984 <0.0001 0.53 32.33 
HI [units] <0.0001 1989 <0.0001 5.88 358.62 
GDD [units] <0.0001 1984 <0.0001 6.1 371.98 
Tprec [mm] 0.098* 1996 0.043 -1.94 -118.16 
DSI [days] 0.055* 1996 0.026 0.15 9.33 
 
As the growing season mean temperature (Tmean) value suitable for the growth of Sangiovese grapes 
ranges from 16.9 to 19.2°C (Jones, 2006), the Tmean value of 18.49°C (for the period 1953–2013; Fig. 
4.2a Table 4.3) found in this study showed that the examined area had optimum temperature conditions 
for the Sangiovese grapes cultivation. Results are suggesting that increasing of Tmean is more driven by 
growing season maximum than minimum temperature which was also reported for other viticulture 
regions in Europe (Table 4.2) (Neethling et al., 2012; Malheiro et al., 2013; Ramos et al., 2008; Vršić 
et al., 2014). The possible ongoing increasing trend of growing season temperatures, if permanent, could 
become a long-term risk factor for a grape production as it was reported by some authors (Hannah et al., 
2013). However, its effects on the grape production will depend to a great extent on adaptation by 
viticulturists, including vineyard management and the use of grape varieties more resistant to warmer 
conditions (van Leeuwen et al., 2013).  
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Table 4.3 Descriptive statistics applied to meteorological data (1953–2013) in the studied area. 
Index Mean Std. dev. 
Tmax [°C] 23.65 1.01 
Tmean [°C] 18.49 0.78 
Tmin [°C] 12.09 0.69 
DTR [°C] 11.35 0.81 
CI [°C] 13.66 1.21 
ND25–30°C [days] 63.45 9.32 
ND > 30°C [days] 30.57 14.69 
HI [units] 2258.37 178.32 
GDD [units] 1794.89 171.97 
Tprec [mm] 463.88 121.39 
DSI [days] 161.48 8.97 
                     
Figure 4.2 a) Linear trend of growing season mean temperature; b) Pettitt homogeneity test for a growing 
season mean temperature; in the studied area during the period from 1953 to 2013. 
Cutting point of growing season mean temperature time series detected in 1989 can be explained by 
abrupt anomalies which started at the beginning of the 1970’s, reaching maximum anomalies during the 
1980’s in the large-scale circulation patterns for the North Atlantic/European sector (Table 4.2; Fig. 4.2b) 
(Mariani et al., 2012 Warmer et al., 2000). 
Diurnal temperature range (DTR) showed a significant positive trend with an increase of 0.01°C/year and 
a total trend of 0.79°C from 1953 to 2013 (Table 4.2). The DTR trend was mostly related to the increase 
of growing season maximum temperature over the grape ripening period (August–September). Thermal 
amplitude between the maximum and minimum temperatures may have a positive effect on berry 
composition (Ramos et al., 2008). However, an excess in diurnal temperature range may have a negative 
effect on grape quality due to the plant stress with higher temperatures (Ramos et al., 2008). The 
homogeneity test cutting point occurred in 1984 (Table 4.2). 
The Cool night index (CI) showed a lack of significant trend and homogeneity test cutting point due to 
the minor increase in minimum temperatures particularly during the grape ripening months (Table 4.2). 
Night temperatures are correlated with the synthesis of secondary metabolites (e.g. anthocyanins) in red 
a) b) 
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grape varieties, whereas night temperatures in an approximate range of 10–15°C have a positive 
effect on anthocyanins accumulation (Kliewer, 1977). Thus, the mean value of CI (13.66°C) was in the 
optimum range for the anthocyanins accumulation which is an important factor for production of 
Sangiovese grapes (Table 4.3).  
Number of days with maximum temperature in range from 25 to 30 °C (ND 25–30°C) showed a slightly 
significant negative trend, while number of days with maximum temperature > 30°C (ND > 30°C) had a 
significant positive trend with a total increasing trend of 32.33 days exceeding >30°C (Table 4.2). Cutting 
points occurred in 1984 for ND > 30°C, whereas the ND 25–30°C was not significant for the 
homogeneity test (Table 4.2). The increase of ND > 30°C may be beneficial during ripening (Jones and 
Davis, 2000). However, too many days with temperature >30°C may stress the plant photosynthesis 
(Mullins et al., 1992), since days with maximum temperatures ranging between 25–30°C are optimal 
conditions for the photosynthesis processes.  
Two thermal indices often used to examine the suitability of selected area for grape production, Huglin 
index (HI) and Growing degree day (GDD), showed a significant increasing trend with 5.88 and 6.1 units 
per year and a total trend of 358.62 and 371.98 units from 1953 to 2013, respectively (Table 4.2). 
According to the Huglin classification, due to the increasing temperatures in the Romagna area, HI trend 
shifted studied area from the temperate/warm temperate to the warm temperate/warm viticulture region 
(Fig. 4.3a). Also, according to the Winkler classification, GDD regression trend shifted the Romagna area 
from the region II/III to the region III/IV (Fig. 4.3b). The homogeneity test cutting points occurred in 
1989 and 1984 for HI and GDD, respectively (Table 4.2). 
    
Figure 4.3 Linear trends of a) Huglin index; b) Growing degree day in the studied area during the period 
from 1953 to 2013. 
Several studies reported a lack significant precipitation trends in certain European grape growing regions 
(Jones et al., 2005; Neethling et al., 2012; Ramos et al., 2008). However, a significant negative trend 
was detected for precipitation in presented experiment, with a 1.94 mm/year and a 118.16 mm total trend 
decrease and with high annual variations over growing season period (Table 4.2; Fig. 4.4a). These results 
are aligned with other studies, focused on Italy (Brunetti et al., 2000) and on ER (Antolini et al., 2016). 
Furthermore, the positive Dry spell index (DSI) trend with 0.15 days/year and 9.33 days in total indicated 
on possible longer drought periods in the future decades (Table 4.2; Fig. 4.4b). The homogeneity test 
a) b) 
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cutting point occurred in 1996 for total precipitation and DSI due to the mentioned abrupt anomalies in 
the large-scale circulation patterns (Table 4.1). 
                      
Figure 4.4 Linear trends of a) Total precipitation; b) Dry spell index in the studied area during the period 
from 1953 to 2013. 
 
4.2.2.2 Grape sugar content 
 
Sugar content in Sangiovese grape showed a significantly increasing trend with 0.12°Brix/year and 
1.38°Brix during a 12 years period (2001–2012) (Table 4.4; Table 4.5; Fig. 4.5a). High value of adjusted 
R
2 
(0.81) obtained with multiple linear regression suggests a high contribution of computed bioclimatic 
indices on increasing berry sugar content in Sangiovese grapes from the studied part of Romagna area 
(Table 4.6).  
Table 4.4 Pettitt test (PT) and Mann-Kendall test (MKT) applied to grape sugar content (2001–2012) and 
grape yield data (1982–2012) in the studied area. 
 
Table 4.5 Descriptive statistics applied to grape yield (1982–2012) and grape sugar content data (2001–
2012) in the studied area. 
Parameter Mean Std. dev. 
Sugar content [°Brix] 17.17 0.83 
Grape yield [t] 2216.47 486.59 
Parameter PT  
p-level 
PT 
Cutting point 
MKT p-level 
MKT Trend 
year
-1
 
MKT 
Total trend 
Sugar content [°Brix] 0.017 2006 0.04 0.12 1.38 
Grape yield [t] 0.003 1997 <0.01 33.49 1038.07 
a) b) 
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Figure 4.5 Linear trends of a) grape sugar content (2001–2012); b) grape yield data (1982–2012) in the 
studied area. 
The positive standardized regression coefficient of DSI suggested that decrease of DSI had a positive 
effect on grape sugar content, which is possible only up to a certain limit (Table 4.1; Table 4.6). 
Compared to DSI, HI regression coefficient suggests that increasing thermal accumulation had a lower 
impact on sugar content in Sangiovese grapes (Table 4.1; Table 4.6). This, positive relation between HI 
and grape sugar content is possible up to the certain point due to photosynthesis process limitations. For 
additional information related to moderate water stress and temperature correlations with grape sugar 
content see 4.1.2.  
Table 4.6 Standardized coefficients, adjusted R2 and p-level of multiple linear regression modeling 
applied to sugar content and bioclimatic indices (2001–2012); grape yield and bioclimatic indices (1982–
2012) in the studied area. 
Sugar content Standardized coefficients Adjusted R² p-level 
 HI DSI  
0.81 0.0002 
 
0.14 0.84 
 Grape yield Standardized coefficients Adjusted R
2
 p-level 
 Tmax DSI ND 25–30°C  
0.21 0.025  0.55 -0.42 -0.19 
 
PT cutting point of grape sugar content occurred in 2006 (Table 4.4). Hypothesis of drier conditions 
(DSI) coupled with increased temperature accumulation (HI) in the period after cutting point (2007–
2012), comparing to the period before cutting point (2001–2006, with an exception of hot and dry 2003), 
may serve as an explanation for this outcome (Fig. 4.6).  
a) 
b) 
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Figure 4.6 Growing season trends of Huglin index (HI); sugar content in Sangiovese grapes (Sugar 
content); Dry spell index (DSI) in the studied part of Romagna area from 2001 to 2012; red line – Sugar 
content breaking point. 
4.2.2.3 Grape yield 
 
Sangiovese grape yield showed a significant increasing trend of 33.49 tons/year and 1038.07 total tons 
from 1982 to 2012 (Table 4.4; Table 4.5; Fig. 4.5b). In contrast to grape sugar content, a low value of 
adjusted R
2
 (0.21) obtained with multiple linear regression indicate a low influence of computed 
bioclimatic indices on increase of Sangiovese grape production (Table 4.6). Thus, suggesting that 
variables uncovered by this experiment, such as husbandry improvement (e.g. drainage, pesticides, 
canopy management, fertilizers) and soil characteristics, might had key a role on grape production 
increase in the studied part of Romagna area during the last 30 years. PT breaking point of increasing 
grape yield detected in 1997 and decreasing precipitation variables (Tprec and DSI) breaking points in 
1996, are suggesting that higher grape yield occurred with lower water availability which is not aligned 
with other studies (Ramos and Martínez-Casasnovas, 2010). Therefore, minimal impact of calculated 
bioclimatic indices on Sangiovese grape yield, obtained with multiple linear regression is supported by 
PT.  
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The negative standardized regression coefficient of ND 25–30°C, suggested that lower ND 25–30°C had 
a negative impact on grape yield (Table 4.1; Table 4.6). This may be due to decrease in the number of 
days with optimum temperature range for photosynthesis process (25–30°C) and increase in the number 
of days with temperatures that lead to initial plant stress (>30°C). Tmax standardized coefficient obtained 
with multiple linear modeling, suggested a positive influence of increasing maximum temperature on 
grape yield in the studied part of Romagna during the last 30 years (Table 4.1; Table 4.6). The negative 
DSI standardized coefficient suggested that increase in number of days without rain (<1mm) may 
decrease soil water availability causing drought stress to plants, which has a negative impact on grape 
yield (Ramos and Martínez-Casasnovas, 2010) (Table 4.1; Table 4.6). For additional information 
related to moderate water stress and temperature correlations with grape yield see 4.1.6. 
 
4.2.3 Conclusions  
 
The studied part of Romagna area has been affected by weather anomalies in large-scale circulation 
patterns during the 1980's (Westerlies regimes). During the studied period (1953–2013), growing season 
mean temperature (18.49°C) and night temperatures during the ripening months of (13.66°C) were in the 
optimum range for Sangiovese production. The increase of Tmean was rather due to a rise in Tmax than 
augmentation of Tmin. The precipitation and DSI had a negative trend over the growing season with high 
annual variations, suggesting drier conditions. Multiple linear analysis coupled with PT, elucidated low 
impact of computed bioclimatic variables on increase of Sangiovese grape yield. Also displayed that 
variables which were not considered by this study, such as husbandry practices and soil characteristics, 
might had a significant role in grape yield determination. Using the same approach, the increase of berry 
sugar content in Sangiovese grapes during 2002–2012, was largely explained (81%) by computed 
bioclimatic indices, whereas DSI showed a higher correlation with increasing sugar content in berries 
respect to the HI. Furthermore, the experiment was done in collaboration with grape grower partners of 
the Caviro Coop (Faenza, Ravenna, Italy), thus the obtained results a valuable case study on the topic. 
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Appendix C – Climate change trends, grape production, and potential alcohol 
concentration in wine from the ‘Romagna Sangiovese’ appellation area (Italy) 
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5 Techniques to adapt of wine industry to the climate change 
 
5.1 Introduction 
 
It is well-established that in terms of quantity and quality grape production is strongly affected by climate 
conditions (Jackson and Lombard, 1993; Mira de Orduña, 2010). Through vast number mutual 
interaction between indirect and direct climate variables (temperature, precipitation, UV-B radiation, air 
CO2 concentration), grape growing areas could differ according to climate conditions on regional, local, 
vineyard or even row and plant level. The complexity of these interactions is augmented with accelerated 
climate change during the last decades, which are caused by human activities to a great extent (Fig. 1.1). 
All together results in a wide range of differences between grape/wine producing areas in terms 
challenges and problems that wine industry need to confront.  
Nowadays, challenges that wine industry needs to confront in changeable climatic conditions are often 
presented as crop load reduction, production of unbalanced wines with excessive alcohol and lower pH, 
reduction of anthocyanins in grape berries and wine, lower must acidity (see 4.1.1–4.1.6) etc. Among all 
mentioned challenges, redundant ethanol level in wines draws a significant attention to wine industry due 
to the fact that ethanol is the second most abundant wine component thus variations in ethanol content 
could cause diverse microbiological, technological, sensorial and financial implications (Mira de 
Orduña, 2010). In particular, the increase of grape total soluble solids content at harvest may cause 
slow/stuck alcoholic fermentations during hot years (Coulter et al., 2008), which could be even more 
expressed in the production of organic or biodynamic wines where producers rely on fermentation with 
spontaneous yeasts instead of commercial yeasts. Higher alcohol concentration could also alter wine 
sensory features due to the ethanol’s tendency to increase bitterness perception (Nurgel and Pickering, 
2006; Sokolowsky and Fischer, 2012; Vidal et al., 2004; Villamor et al., 2013), suppress the 
perception of sourness (William 1972), reduce astringency perception (Vidal et al., 2004; William, 
1972), add ‘irritant’ (heat) sensation (Nurgel and Pickering, 2006; Villamor et al., 2013; William, 
1972), elevate woody and spicy aroma/flavour (Villamor et al., 2013) suppress fruity, floral and caramel 
aroma/flavour (Villamor et al., 2013).  Excess of alcohol in wine is also not desirable due to the harmful 
effects on the health and behaviour of consumers (Catarino and Mendes, 2011), which forced many 
countries to regulate civil restrictions related to legal limits of maximum ethanol content in human blood 
during driving, or minimum age limits required for purchase of alcohol-drinks (Le Berre et al., 2007). 
Moreover, in the USA winemakers need to pay additional taxes if the wine contains more than 14.5% v/v 
of alcohol (Massot et al., 2008). Recently, consumers showed a preference for wines with lower alcohol 
content (between 9% and 13% v/v) (Massot et al., 2008).  
Thus, certain adaptation techniques to reduce ethanol content in wines need to be applied to mitigate the 
influence of the climate change. By regulation of the International organization of vine and wine (OIV) 
ethanol content in wine generally should not be less than 8.5 % v/v. In certain specific cases when 
considering climatic conditions, soil or grape variety, specific qualitative factors or traditions related to 
producing process, ethanol content can be down to 7 % v/v or even less when allowed by the Code (OIV, 
2015). The example of specific cases is Italian sparkling white wine Moscato d’Asti, produced in the 
Piedmont with ethanol content reaching only 5.5% v/v.  Reversely, maximum ethanol content is not 
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regulated by OIV, thus in specific cases of fortified wines such as Port, Marsala, Madeira and Sherry, 
ethanol content could reach ~20% v/v. Allowed dealcoholization was initially set by the European 
Commission at a limit of 2% v/v, irrespective of the initial alcohol level (EC, 2009), whereas the limit 
was recently changed to 20% v/v of the initial effective alcohol content (EC, 2013), thus allowing higher 
wine ethanol reduction for wines with more than 10% v/v alcohol. Adaptation techniques to remove 
excessive alcohol can be divided into four principal groups: (i) viticulture techniques, (ii) pre-
fermentation techniques, (iii) biotechnological techniques and (iv) post-fermentation techniques.  
5.1.1 Viticulture techniques 
 
5.1.1.1 Late winter pruning 
 
Winter pruning is primarily conducted to regulate grapevine yield, vigor and berry composition in the 
dormancy period (after leaf fall and before bud burst) (Frioni et al., 2016). However, when winter 
pruning is applied after bud burst it may be used as a technique to delay the timing of harvest and to 
reduce the concentration of soluble solid in berries. This is due to nutrition competition between 
inflorescence primordial on the basal shoots (retained after winter pruning) and inflorescence primordial 
on the shoots in the upper part of cane (removed after winter pruning) (Palliotti et al., 2014). In 
particular, application of late winter pruning before full flowering on cv. Sangiovese grapes during two 
seasons (2013–2014) caused significantly lower must sugar content (1.6°Brix), higher must titratable 
acidity concentration (1.8 g/L), higher must anthocyanins and phenolic concentration but also 
significantly lower grape yield (Frioni et al., 2016). However, same authors reported that when treatment 
was applied after in the period close to full flowering (50% of flower caps fallen) no grape yield was 
obtained, thus application timing has a key role on the determination of final outcome (Frioni et al., 
2016).  
5.1.1.2 Shoot trimming  
 
The synthesis of sugars takes place in leaves which are afterwards transported via phloem to grape berries 
(see 4.1.2). Thus, regulating the leaf area and fruit mass ratio (LA/FM) with the application of shoot 
trimming may be used to reduce the concentration of sugars and/or slow-down sugar accumulation in 
berries and prevent earlier harvest. This was reported in a recent study that investigated the influence of 
shoot trimming after fruit set on cv. Grenache grape composition during three seasons (2010–2012), 
whereas sugar concentration was lower by ~3°Brix when compared to the control. However, shoot 
trimming also caused a reduction in anthocyanins by 10%, pH by 0.1 and bunch weight by ~10% 
(Martinez De Toda et al., 2013). Other study investigated the impact of post-véraison shoot trimming on 
cv. Sangiovese grapes during two seasons (2011–2012) and reported a significant decrease of total soluble 
solids (1.2°Brix) while grape composition parameters (e.g. pH, titratable acidity, anthocyanins) and grape 
yield did not differ significantly (Palliotti et al., 2013). Stoll et al. (2010) reported a delay of harvest 
timing by 20 days, sugar reduction in berries (~4°Brix) and berry weight reduction (~9%) by application 
of shoot trimming after fruit set on cv. Riesling grapes. Therefore, these findings are indicating that effect 
of shoot trimming on berry composition and grape yield depends on many different factors such as 
variety, vintage, climatic factors, timing and severity of application (Palliotti et al., 2014). 
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5.1.1.3 Defoliation 
 
Defoliation is another technique that regulates LA/FM, thus it may be used to reduce sugar content in 
grapes. In particular, Poni et al. (2013) studied the impact of leaf removal applied on cv. Sangiovese 
grapes and reported a significant reduction of must total soluble solids (1.3–2.4°Brix) and total acidity 
(~0.7–0.9 g/L) with a lack of differences in other yield and other grape composition parameters (e.g. 
anthocyanins). However, the final outcome may not be always positive e.g. significant decrease of sugar 
content in berries without significant differences in yield and other grape quality parameters. In fact, 
partial defoliation applied on cv. Istrian Malvasia grapes caused reduction of grape yield and the increase 
of sugar content in berries (Bubola et al., 2009), which is controversial to previously cited study. 
Therefore, similarly to shoot trimming the effect of defoliation on grape yield and berry composition 
depends on several variables. 
5.1.1.4 Late irrigation 
 
Irrigation of plants in the period after véraison, especially when combined with shoot trimming could 
cause reduction of sugar accumulation. This is due to nutrients competition between grape berries and 
lateral shoots which are plant response on shoot trimming and applied irrigation (Palliotti et al., 2014). In 
particular, with the application of later irrigation after véraison sugar content of cv. Cabernet Sauvignon 
grapes was reduced without differences in phenolic profile and wine quality (Fernandez et al., 2013). 
Other author, reported only a minor reduction in sugar content of cv. Cabernet Sauvignon grapes when 
irrigation was doubled during the ripening period of a hot season (McDonnell, 2011). 
5.1.1.5 Growth regulation via hormones 
 
Berry growth and accumulation of sugars may be regulated by different hormones which are stimulating 
or inhibiting these processes. Böttcher et al. (2011) investigate influence of 1–naphthaleneacetic acid 
(auxin) treatment when applied in pre-véraison period on cv. Shiraz grapes which resulted in slower berry 
development, increased berry size, improved synchronicity of total soluble solids accumulation and lack 
of differences in wine sensory. Other study reported that application of brassinazol and 1-
methylcyclopropene inhibitors of epi-brassinolide and ethylene formation (growth hormones), 
respectively can slow-down growth process (Symons, 2006). Sugar content may be regulated also by 
application of synthetic forchlorfenuron (cytokinin) on table ‘Flame Seedless’ grape with following 
effects of berry mass increase and berry color reduction (Peppi and Fidelibus, 2008). Even if effective, 
the utilization of growth hormones is strictly regulated and often forbidden due to the uncertainty of 
results and partial understanding of physiological process regulation (Palliotti et al., 2014), thus more 
studies need to be conducted to reveal the entire impact of these growth regulators on berry development 
before full-commercial exploitation. 
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5.1.1.6 Shading 
 
Application of shading is a technique which could be used to mitigate plant heat stress, reduce berry sugar 
accumulation and slow-down berry development. For example, leaves shading was applied during two 
seasons (1987–1988) in cv. Cabernet Sauvignon vineyard resulting in a lower sugar content (~1°Brix), 
higher pH value and different wine aromas when compared to control treatments (Morrison and Noble, 
1990). Recent study, investigated the influence of several shading nets treatments applied in cv. Shiraz 
vineyards and concluded that overhead shading resulted in a lower berry sugar content due to lower water 
loss and a lower wine alcohol level. However, with phenolic compounds and wine color differences when 
compared to control (Caravia et al., 2016). Application of shading nets doesn’t necessarily involve a 
significant decrease of grape sugar content, Basile et al. (2015) reported a minor decrease (at the best 
0.6°Brix; 90% shading) of total soluble solids content in cv. Aglianico grapes. Grape sugar decrease was 
followed with differences in grape yield, lack of differences in must pH value and must total acidity when 
compared to control treatment (Basile et al., 2015). Thus, shading seems as a promising technique to 
reduce wine alcohol level in wines certain cases. However, further clarifications related to the appropriate 
timing of application, duration of shading and shading placement (whole plant, specific areas of a vine) 
are required to fully understand the influence on the final wine quality (Palliotti et al., 2014). 
5.1.1.7 Early harvest 
 
Early harvest is a simple technique which can be used to reduce total soluble solids in grapes. It is may be 
achieved by blending of grapes and collected at different maturity stage (e.g. véraison and full maturity) 
and fermentation of obtained must mixtures. Kontoudakis et al. (2011a) reported that of mixing low-
alcohol wines (~5% v/v ethanol content) obtained with grapes harvested at véraison and must of grapes 
harvested at full phenological maturity resulted in final wine alcohol level reduction of 0.9%, 1.7% and 
3.0% v/v in Cabernet Sauvignon, Merlot and Bobal wines, respectively. This wine alcohol reduction was 
followed with the increase of wine total acidity and the slight increase of total anthocyanins in wines 
produced from mixture when compared to wines produced only with grape at full phonological maturity. 
However, through the sensory evaluation, judges were able to detect significant differences in Bobal 
wines between two mentioned trials (most likely due to excessive acidity). On the other hand, lack of 
differences was reported for Cabernet Sauvignon and Merlot wines (Kontoudakis et al., 2011a). Similar 
results were obtained from the study, whereas mixing of cv. Tempranillo grapes harvested at véraison and 
full phenolic maturity caused the production of wines with lower alcohol level and ‘good’ acidity 
(Martinez De Toda and Balda, 2011). 
 
5.1.2 Pre-fermentation techniques 
 
5.1.2.1 Nanofiltration 
 
Nanofiltration is a technique based on physical separation of grape must on a high-sugar fraction 
(retentate) and low-sugar fraction (permeate) by utilization of semi-permeable membranes with pores size 
 100 | P a g e  
 
from 1 to 10 nm. This technique is often used to remove excessive alcohol reduction from wines. 
However, nanofiltration can also be used for sugar removal from grape must which will afterwards result 
in the production of wines with a lower ethanol level. In that regard, García-Martín et al. (2010) 
investigated possibilities to use two-step nanofiltration for removal of excessive sugar content in one red 
and white grape variety, cv. Tinta de Toro and cv. Verdejo, respectively. The best balance between color, 
phenolic compounds, aroma compounds losses and sugar content removal was achieved by mixing the 
second permeate and untreated must (T+P2), resulting in lower ethanol level of produced wines by ~1.8–
2.5% v/v (García-Martín et al., 2010). A recent study investigated the possibilities to used one-step and 
two-step nanofiltration in order to remove excessive total soluble solids in red cv. Granacha and white cv. 
Verdejo grape variety (Salgado et al., 2015). After grape must filtration, two-step nanofiltration of red 
wine showed the best results, obtaining wines with ~1.4% v/v lower ethanol level, minor differences in 
other wine quality parameters and lack of differences in sensory analysis results (Salgado et al., 2015). 
Nanofiltration is offering a promising results and can be applied to reduce excessive ethanol level in 
wines, however in certain cases (Salgado et al., 2015), grape must need to be pre-filtered in order to 
avoid rapid foul of membranes, thus entire process might become time-consuming and uneconomic 
(Longo et al., 2017).   
5.1.2.2 Ultrafiltration 
 
Ultrafiltration is another membrane-based technique that utilizes semi-permeable membranes with bigger 
membrane pore size (10–100 nm) allowing separation of grape must on a high-sugar fraction (permeate) 
and low-sugar fraction (retentate). Cassano et al. (2008) investigated the possibilities to clarify must of 
white cv. Verdeca grape variety by utilization of cross-flow ultrafiltration. The must processing under 
different transmembrane pressure conditions resulted in total suluble solids reduction up to 1.8°Brix, but 
also decrease of total phenolics up to 30% and a slight increase of tartaric acid content  (up to 0.12 g/L) 
(Cassano et al., 2008). Similarly to nanofiltration, grape must need to be pre-filtered to allow effective 
filtering which is a down side of this technique (Longo et al., 2017). 
5.1.2.3 Dilution 
 
Water addition and following dilution of grape sugar content and afterwards lower wine alcohol level is a 
simple technique. However, water addition dilutes also other wine compounds which is a down side of 
this technique. Water addition is not allowed in all countries (e.g. Italy, France) while certain countries as 
USA (Bisson, 1999) and Australia (Varela et al., 2015) permitted utilization of water. Harbertson et al. 
(2009) reported that water addition (~18% v/v) and partial removal of cv. Merlot grape must (~18% v/v) 
resulted in 4°Brix sugar content reduction compared to initial high sugar content must (28°Brix) and 
resulted in the production of wines with similar phenolic content and aroma attributes as control (only 
water addition ~18% v/v). 
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5.1.3 Biotechnological techniques 
 
5.1.3.1 Genetic modification organism 
During the last years, possibility of genetic modification organism (GMO) application is progressively 
wider. Genetic modifications can be also applied to Saccharomyces cerevisiae (Sc) yeasts cells, altering 
the genome and redirecting metabolic flux away from ethanol production towards the production of other 
compounds (e.g. glycerol, acetic acid) (Kutyna et al., 2010). In particular, over-expression of certain 
genes (GPD2) caused a decrease of alcohol level in Chardonnay wine by ~0.75% v/v and the increase of 
glycerol (de Barros Lopes et al., 2000). However, significant production of acetic acid was also detected 
which was confirmed by sensory evaluation (de Barros Lopes et al., 2000). Genetic modifications 
approach may be also used to produce transgenic strains of Aspergillus niger and Sc which are able to 
produce glucose oxidase (not existing in Sc) (Malherbe et al., 2003). Afterwards, transgenic strain may 
reduce ethanol level up to 2% v/v (Malherbe et al., 2003). However, glucose oxidase converts glucose to 
gluconic acid and hydrogen peroxide which may have a negative impact on wine quality parameters 
(Varela et al., 2015). As it is possible to conclude, genetic modifications and GMO are offering endless 
possibilities to regulate fermentation process. However, public restrictions to use GMO are down side of 
this technique. 
5.1.3.2 Non-Saccharomyces cerevisiae 
 
Saccharomyces cerevisiae is the most common specie used for the fermentation of grape must due to its 
relatively high resistance to ethanol, relatively low production of undesirable by-products (e.g. acetic 
acid), good fermenting capacity in high-sugar must conditions, ability to metabolize all sugars from grape 
must etc. However, without genetic modifications ethanol yield among strains of this specie seems to be 
approximately the same, even if certain variability may be found among wild isolated of Sc (Ciani et al., 
2016). Therefore, to reduce alcohol level in wines, many studies were conducted aiming to find 
appropriate alternative yeast specie which may be utilized for must fermentation. Reduction of ethanol 
content in wines is achieved by differences in production of by-products (e.g. glycerol, acetic acid) or 
biomass synthesis during fermentation of alternative species when compared to Sc (Ciani et al., 2016). 
Candida zemplinina (Cz) (synonym Starmerella bacillaris) is one of the species that may be used to 
reduce alcohol level in wines. Apart from lower wine ethanol level up to 2% v/v when compared to Sc 
fermentation (Englezos et al., 2016a), wines produced with whether only Cz or combined Cz and Sc may 
be characterized with higher glycerol production, higher acetic acid production, changes in aromatic 
profile e.g. lower isoamyl alcohol or 2-phenylethanol concentration (Englezos et al., 2016a, 2016b; 
Giaramida et al., 2013; Romboli et al., 2015; Sadoudi et al., 2012). Saccharomyces paradoxus (Sp) 
may also be used to reduce ethanol level in wines up to 0.35% v/v when compared to Sc (Orlic et al., 
2007). Fermentation with Sp may also be followed by higher malic acid consumption, higher glycerol 
production, lower production of ethyl acetate and isoamyl acetate (Orlic et al., 2007; Redzepovic et al., 
2003) etc. As an alternative to Sc for excessive alcohol removal, Torulaspora delbrueckii (Td) may serve 
as a solution. Several studies reported that utilization of Td as single specie or combined with Sc in 
fermentation, wine ethanol level may be reduced up to 0.4–0.5% v/v. These fermentations may be as well 
followed with lower malic acid content, higher volatile acidity and glycerol or different aromatic complex 
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in wines when compared to wines obtained with single Sc fermentations (Loira et al., 2015; Puertas et 
al., 2017; Ramírez et al., 2016; Sadoudi et al., 2012). The potential yeast species to remove excessive 
wine alcohol whether as single culture fermentation or coupled with Sc could be also Candida stellata 
(Contreras et al., 2014b), Metschnikowia pulcherrima (Contreras et al., 2014a, 2014b; Sadoudi et al., 
2012), Saccharomyces uvarum (Contreras et al., 2014a), Lachancea thermotolerans (Gobbi et al., 
2013) etc. Due to high diversity of potential alternatives to Sc this technique seems as a promising 
solution to address the production of wines with lower alcohol level and good sensory characteristics. 
Furthermore, this technique is inexpensive and simple.  
 
5.1.4 Post-fermentation techniques 
 
5.1.4.1 Nanofiltration 
 
Nanofiltration as a post-fermentation technique works on a similar principle as for pre-fermentation 
technique (see 5.1.2.3), whereas by wine processing two fractions are obtained after separation, the high-
ethanol fraction (permeate) and low-ethanol fraction (retentate). Similarly to all membrane separation 
process that have goal to reduce alcohol level in wines, the efficiency of nanofiltration depends on 
mixture of factors such are ethanol rejection coefficient, other wine compounds rejection coefficient (e.g. 
aroma compounds, acids, phenolic compounds) permeate flux, operating conditions (e.g. temperature, 
pressure, time) and membrane characteristics (e.g. material, pore size). In that regard, Catarino and 
Mendes (2011) conducted a study aiming to evaluate the efficiency of several nanofiltration membranes 
by regulating several of mentioned factors. Authors concluded that certain membranes may be used for 
the production of low-alcohol wines, especially if nanofiltration is combined with pervaporation 
(Catarino and Mendes, 2011). However, this additional equipment (e.g. pervaporation) may increase 
initial investment which is a down side of this combined approach. Other study reported that utilization of 
nanofiltration as a single technique may decrease ethanol content until 8% v/v which is followed by less 
than 15% w/v aroma compounds content decrease (Labanda et al., 2009). 
5.1.4.2 Reverse osmosis 
 
Reverse osmosis is a similar technique to nanofiltration and requires utilization of semi-permeable 
membranes with smaller pores size (0.1–1nm) when compared to nanofiltration. Thus reverse osmosis 
requires higher operating pressure and higher energy consumption when compared to nanofiltration which 
is one of the down sides of this technique (Gonçalves et al., 2013). Other down sides of reverse osmosis 
may be related lower permeate flux when compared to nanofiltation (Catarino and Mendes, 2011). 
However, several studies reported that utilization of reverse osmosis may be used for partial 
dealcoholization of wines (~2% v/v reduction) with hardly detectable sensorial differences (Gil et al., 
2013) and with lack of differences in phenolic compounds content (Bogianchini et al., 2011) when 
compared to original wines. 
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5.1.4.3 Pervaporation 
 
Pervaporation is another membrane technique, however comparing nanofiltration and reverse osmosis 
membrane, pervaporation needs utilization of hydrophobic membranes which are not allowing liquid (e.g. 
wine) passage through membrane pores. Instead, ethanol and other wine volatile compounds (e.g. aroma 
compounds) are partially evaporating on relatively low temperatures (~40°C) and migrating through the 
membrane as a vapor due to differences in a partial pressure created by the vacuum on the other side of 
membrane. Vapor rich in ethanol and with a certain amount of aromatic compounds is afterwards 
condensed (Takács et al., 2007). Takács et al. (2007) evaluated possibilities to apply pervaporation as a 
technique to remove ethanol content from Tokaji Hárslevelű wines and concluded that working 
temperature plays a key role on the process efficiency, whereas 40°C was optimal to produce almost free 
alcohol product that matches organoleptic characteristics of a wines. Authors are also pointing the down 
side of this technique which is related to high initial economic investments (315k€) (Takács et al., 2007). 
Other study, investigated the possibility to use pervaporation in combination with nanofiltation to remove 
excessive ethanol from a red wine, whereas high-quality low-alcohol wines were produced (Catarino 
and Mendes, 2011). However, initial economic investments are most likely even higher when compared 
to single pervaporation technique. 
5.1.4.4 Evaporative perstraction 
 
Evaporative perstraction or also called osmotic distillation is a technique like pervaporation that use 
hydrophobic membranes, whereas separation of volatile compounds (e.g. ethanol, aromatic compounds) 
from the liquid (e.g. wine) is achieved by vapor pressure gradient between two sides of the membrane. 
Differences between two techniques are utilization of water that flows as stripping fluid in contra current 
on membrane side opposite to wine, and absorbs volatile permeate compounds. The up side of this 
technique is the fact that solubility of aroma compounds is higher in wine (feed fluid) when compared to 
pure water (stripping fluid), so the transfer of aromatic compounds in the water phase is limited (Diban et 
al., 2008). Thus, evaporative perstraction may be used for production partially dealcoholized wines (2% 
v/v removal) with good sensory characteristics. In fact, Diban et al. (2008) reported that despite certain 
aroma compounds losses in Merlot wines during the partial alcohol removal (2% v/v), there was a lack of 
differences in wine sensory characteristics. Other studies also reported lack of difference in wine sensory 
characteristics as well (Liguori et al., 2013; Lisanti et al., 2013), but also in volatile acidity, organic 
acids concentration, total phenolic content and color (Liguori et al., 2013a)  in Aglianico wines once 
ethanol content was removed up to 2% v/v. However, Lisanti et al. (2013) also reported that differences in 
wine sensory characteristics were noticeable once ethanol content was reduced by 5% v/v, indicating that 
this technique might be suitable only for ‘mild’ ethanol removal from wines (up to 2% v/v). In fact, total 
dealcoholization (0.2% v/v remaining ethanol content) of Aglianico wines by evaporative perstraction 
caused reduction of aroma compounds by 98% (Liguori et al., 2013b). Another study also reported a 
significant aroma compounds losses (44–70%) in red wine once ethanol content was reduced up to 38% 
(Varavuth et al., 2009). 
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5.1.4.5 Spinning cone column 
 
Spinning cone column is based on the production of low-alcohol wines in two steps. The first step 
presents dearomatization of wine in spinning cone column under vacuum and low temperatures (26°C). 
The products of the first step are the gas fraction (stripping agent and volatile compounds) and liquid 
fraction (dearomatized wine). The second step presents ethanol removal from the dearomatized wine in 
spinning cone column at equal pressure and slightly higher temperature (~30°C). Dealcoholized and 
dearomatized wine is afterwards mixed with aromatic fraction to obtain lower-alcohol level wines 
(Belisario-Sánchez et al., 2012, 2009). Lower alcohol level wines produced by a spinning cone column 
may have acceptable  antioxidative ability, phenolic compound content (Belisario-Sánchez et al., 2009), 
and aromatic compounds content when compared to raw wines (Belisario-Sánchez et al., 2012). 
However, spinning cone column has a high demand of energy when compared to other techniques related 
to physical removal of ethanol (e.g. evaporative perstraction) which is down side of this technique (Diban 
et al., 2013).  
5.1.4.6 Vacuum-distillation and supercritical CO2 extraction 
 
The combination of vacuum-distillation and supercritical extraction with CO2 may also serve as technique 
to remove excessive alcohol from wine. The working principle is based on two-step processing. The first 
step presents vacuum distillation at a certain temperature range (24–28°C) and high vacuum (35–50mbar) 
that separates wine on a low-volatile fraction (wine base) and high-volatile fraction (alcohol and volatile 
aromas) due to differences in boiling temperatures. The second step presents supercritical CO2 extraction 
at high pressure (80–100bar) and certain temperature range (25–35°C) that separate high-volatile fraction 
on liquid ethanol-water mixture and gas mixture (CO2 and aromas) due to differences in extraction 
features. The gas mixture is afterwards adequately separated and aromas added into wine (Seidlitz et al., 
1992).  As for the majority of post-fermentation techniques down sides are certain sensorial differences 
that may occur due to partial removal of aromas and aimed ethanol removal (Medina and Martinez, 
1997) and a high capital cost of the process (e.g. high-vacuum distillation) (Schmidtke et al., 2012).  
 
5.2 Application of late winter pruning on cv. Sangiovese grapes from organic 
management and its impact on berry composition 
 
Teslić, N., Versari, A. 2016. Effect of late winter pruning on Sangiovese grape berry composition from organic 
management, in: Ventura, F., Pieri, L. (Eds.), Proceedings of the 19
th
 conferences of Italian associtation of 
agrometeologists: New adversities and new services for agroecosystems. University of Bologna, Bologna, Italy, pp. 
131–134 
 
Organic grape cultivation and winemaking need to be performed under stricter rules compared to a 
conventional approach. Therefore, application of many excessive alcohol removal techniques which are 
allowed in conventional winemaking (e.g. nanofiltration, spinning cone column) is prohibited (EC, 2012). 
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However, certain techniques are allowed in both approaches (e.g. late winter pruning). Thus, later winter 
pruning may have a paramount importance for organic farming since it may serve as a possible technique 
to reduce grape sugar content and wine alcohol level. The possibility of slowing down berry sugar 
accumulation by using late winter pruning was elaborated under viticulture techniques (see 5.1.2.1), 
whereas all cited studies were conducted on grapevines cultivated conventionally. To our best knowledge, 
there is a lack of information in literature related to late winter pruning application on Vitis vinifera from 
organic farming. Therefore, in presented experiment late winter pruning was applied on cv. Sangiovese 
from organic farming, aiming to reduce total soluble solids in berries at harvest period. 
 
5.2.1 Materials and Methods 
 
5.2.1.1 Vineyard management 
 
The experiment was conducted during the vintage 2015, in a mature vineyard of cv. Sangiovese (clone 
FEDIT 30 ESAVE), trained to Cordon du Royat, grafted on Kober 5BB rootstock and with a 2.8 m x 1.0 
m vine spacing (3,571 plants/ha). The vineyard is located in Tebano (44°17′7″ N, 11°52′59″E, Faenza, 
RA, Italy), in a medium hill slope (117 m a.s.l.), with south-east/north-west and downhill oriented rows. 
Since 2007, the vineyard was managed as organic in accordance with the European Council Regulations 
(EC, 2007). Also starting from 2007, no irrigation and no fertilizers have been applied. The vineyard was 
protected from diseases and pests, using products for organic farming allowed by the European Council 
Regulations (EC, 2002).   
5.2.1.2 Design of experiment 
 
The experiment was consisted of 3 trials that were performed in a block-randomized experimental design:  
Trial 1 (T1– control) –winter pruning applied in December, BBCH=0 (for BBCH scale see Appendix D); 
Trial 2 (T2) – winter pruning applied in March, BBCH=0; 
Trial 3 (T3) – winter pruning applied in April, BBCH=12. 
All trials were applied in 3 replications for 3 experimental plots, thus each trial included in total 9 vine 
samples (27 vine samples for all trials). The randomized blocks used for the experiment were in one row 
on the vineyard border and were spread along entire row. Selection of the plants within same block was 
made according to health condition and plant age, whereas plants more uniform according to these 
parameters were chosen for examination. 
 
 
5.2.1.3 Vine development, berry composition and grape yield analysis 
 
The vine development and occurrence phenological stages (e.g. bud burst) were monitored by one person 
during the growing season with a BBCH scale (for BBCH scale see Appendix D). It was considered that 
bud burst occurred when green shoot tips were clearly visible on 50 % of buds (BBCH=8), flowering 
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when 50% of flowerhood were fallen (BBCH=65), véraison when 50% of bunches were colored 
(BBCH=83) and harvest when fruit reached maturity (BBCH=89). 
Starting from véraison occurrence until the harvest, sampling was performed five times for each trial and 
in each experimental (9 samples in total). For each sample approximately 100 berries were randomly 
collected from the top, middle and bottom of the clusters to obtain berry composition parameters as 
followed: berry weight was measured with technical balance (Gibertini Elettronica S.r.l., Milan, Italy), 
sugar content was measured with electronic refractometer (Maselli Misure S.P.A., Parma, Italy), titratable 
acidity and pH were measured with automatic titrator (Crison Instrument SA, Barcelona, Spain). 
Additionally, at harvest, grape yield parameters, such as number of clusters per plant and yield per vine 
which were measured with digital dynamometer (Wunder SA-Bi S.r.l, Milan, Italy) and cluster weight 
that was measured with technical balance (Gibertini Elettronica S.r.l., Milan, Italy). 
5.2.1.4 Statistical analysis 
 
Parametric data were analyzed with one-way Anova to detect differences in berry composition or grape 
yield parameters and parameters with significant difference were afterwards evaluated with Least 
significant difference (LSD) post-hoc test to ascertain the difference between trials. All tests were 
conducted with a confidence level set at 90% and 95%. 
5.2.1.5 Climatic characterization of the vintage 2015 
 
For climatic characterization of the vintage 2015, meteorological data from a grid cell Tebano (11.7816E 
44.2725N) during the period 1961–2015 was used to calculate Tmean, CI, GDD, DI and DSI (see 2.2.2 for 
details). Mean growing season temperature (Tmean) during the vintage 2015 was 19.6°C and characterized 
as ‘hot’ (Table 5.1) (Fraga et al., 2014), which is noticeably higher compared to Tmean (17.70°C; Table 
5.1) during the period 1961–2014 which was characterized as ‘warm’ (Fraga et al., 2014). Tmean during 
the vintage 2015 was slightly higher compared to optimal Tmean for the cultivation of Sangiovese grapes 
(~16.9–19.4°C; Fig. 2.3). Cool night index (CI) during the vintage 2015 (12.79°C) was similar to CI 
during the period 1961–2014 (12.29°C; Table 5.1) and characterized as cool nights (Tonietto, 1999), 
which is in optimal temperature range (~10–15°C) for anthocyanins synthesis as it was reported in several 
studies (Kliewer, 1977; Tonietto and Carbonneau, 1998). Thermal accumulation during the vintage 
2015 (1955.60 units; Table 5.1) presented as Growing degree day (GDD) was noticeably higher 
compared to same BI value during the period 1961–2014 (1675.27 units; Table 5.1). According to 
Gladstones (1992), thermal accumulation during the vintage 2015 was still in the range necessary for the 
production of high-quality wines (~1400–2000 units). However, due to ongoing warming it is expected 
that Tebano area becomes ‘too hot’ for the production of high-quality wines in future decades. Water 
availability presented as Dryness index (DI) was 37.94mm at the end of vintage 2015 (Table 5.1), which 
is characterized as moderately dry (Tonietto and Carbonneau, 2004). This moderately dry condition 
during the vintage 2015 comparing to sub-humid conditions (99.88 mm; Table 5.1) detected during the 
period 1961–2014 are suggesting that vintage 2015 required implementation of irrigation systems. During 
the vintage 2015 there were 163.59 days with less than 1mm of precipitation, which was slightly higher 
compared to the same BI value during the period 1961–2014 (160.00 days; Table 5.1). Obtained result is 
suggesting that sugar content in Sangiovese grape berries was higher during the vintage 2015 than 
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average sugar content in Sangiovese grape berries during the period 1961–2014, since a high correlation 
between DSI and sugar content in Sangiovese grape berries was detected previously (see 4.2.2.2). Due to 
mentioned, the vintage 2015 was appropriate for development of techniques which may be used to 
mitigate the influence of the climate change on Sangiovese grapes quality (e.g. late winter pruning), as it 
was noticeably hotter and drier compared to the period 1961–2014.  
Table 5.1 Bioclimatic indices during the vintage 2015 and average bioclimatic indices values from the 
1961 until the 2014.  
Index Tmean [°C] CI [°C] GDD [units] DI [mm] DSI [days] 
1961–2014 17.70 12.29 1675.27 99.88 163.59 
2015 19.6 12.79 1955.60 37.94 160.00 
 
5.2.2 Results and Discussion 
 
5.2.2.1 Vine development 
 
Bud break (BBCH=8) appeared in the approximately same period for all trials (Fig. 5.1). Starting from 
the bud burst until the middle of August, plant development of control grapevines (T1) was slightly faster 
when compared to vines submitted to T2. However, since the middle of August, T2 tended to develop 
slightly accelerated when compared to T1. In grapevines submitted to T3 a noticeable delay was detected 
in initial period of development when compared to vines submitted to T1 and T2. The maximum 
differences in plant development of T3 compared to T1 and T2 were reached between bud burst and 
flowering which were gradually compensated towards to véraison, ultimately leading, to a fastest 
development of plants submitted to T3 respect to the T1 and T2 that lasted until the harvest period (Fig. 
5.1; Fig. 5.2). 
                                            
Figure 5.1 cv. Sangiovese vine development monitored over the vegetative period during the vintage 
2015. T1 – winter pruning applied in December (BBCH=0); T2 – winter pruning applied in March 
(BBCH=0); T3 – winter pruning applied in April (BBCH=12). 
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Figure 5.2 cv. Sangiovese vine development progress on the 4
th
 of May; left: T1 – winter pruning applied 
in December (BBCH=0); center: T2 – winter pruning applied in March (BBCH=0); right: T3 – winter 
pruning applied in April (BBCH=12). 
Flowering (BBCH=65) occurred slightly earlier in T1 respect to T2, and noticeably earlier respect to T3. 
On the other hand, véraison (BBCH=83) occurred approximately at the same time for all trials while 
maturity appeared slightly earlier in plants submitted to T3 respect to T2 and T1. 
5.2.2.2 Grape yield 
 
Grape yield parameters, such as the number of clusters, cluster weight and weight per berry were not 
significant within trials due to high variability among the same trial (Table 5.2). On the other hand, 
significant differences were detected in yield per plant (Table 5.2). The lowest crop load of T3 comparing 
to T1 and T2, same as the slowest grapevine development in early stages may be explained by different 
timing of winter pruning application, whereas for T1 and T2 pruning was applied before bud burst while 
for T3 after bud burst. Obtained results are aligned with a recent study where winter pruning was applied 
on cv. Sangiovese grapes causing a significant yield reduction when winter pruning was applied after bud 
burst (Frioni et al., 2016). 
Table 5.2 Grape yield and berry composition of cv. Sangiovese. T1 – winter pruning applied in December 
(BBCH=0); T2 – winter pruning applied in March (BBCH=0); T3 – winter pruning applied in April 
(BBCH=12). LSD: a – different from T3 with 95% significance; b – different from T1 with 90% 
significance; c – different from T1 with 95% significance.  
Parameter Trial 1 Trial 2 Trial 3 p-value 
Yield [kg/plant] 2.24a 2.14a 1.25 0.068 
Cluster weight [g] 158.76 138.90 114.16 NS 
Number of clusters per plant 14 15 11 NS 
Berry weight [g] 2.01 2.07 1.95 NS 
Sugar content [°Brix] 23.0 24.13b 24.43c 0.052 
Titratable acidity [g/L] 7.55 7.60 7.71 NS 
pH 3.17 3.14 3.14 NS 
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5.2.2.3 Berry composition 
 
At harvest, berry sugar content was 24.3, 24.13 and 23.0 °Brix in T1, T2 and T3, respectively (Table. 
5.2). Due to slightly faster grapevine development, berries from T1 had a slightly higher sugar content on 
the 29th of July, compared with T2 and T3. However, differences within trials decreased until the 26th of 
August, when berry sugar content was same in all trials (Fig. 5.3). 
                                   
Figure 5.3 Chemical composition of cv. Sangiovese must during vintage 2015. SC – Sugar content; TA – 
Titratable acidity; T1 – winter pruning applied in December (BBCH=0); T2 – winter pruning applied in 
March (BBCH=0); T3 – winter pruning applied in April (BBCH=12). 
Starting from the 26th of August, sugar accumulation in berries from T3 was faster respect to the T1 and 
T2, ultimately leading that at harvest T3 had higher sugar content respect to T1 and T2 (Fig. 5.3; Table 
5.2). The highest sugar content at harvest detected in berries of grapevines submitted to T3 may possibly 
be explained with different source-sink balance within trials. Grapevines with higher yield per plant (T1 
and T2) have higher carbon demand in order to reach certain value of sugar content while plants with a 
lower yield per plant (T3) have lower carbon demand to reach the same value of sugar content (Bobeica 
et al., 2015).Thus, due to lower carbon competition within clusters, plants submitted to T3 had higher 
berry sugar content at harvest respect to T1 and T2. However, leaf to fruit area was not monitored, thus 
the last statement needs to be taken with caution. Although, the highest berry sugar content was detected 
in plants submitted to T3, which is opposite to the desired objective, further experiments need to be 
conducted in order better understand the possibilities of sugar content reduction in plants by application 
of late winter pruning. Apart from later winter pruning, experiments should also include monitoring of 
leaf to fruit area and if needed, application of cluster thinning and leaf removal to reduce the potential 
differences in source-sink balance among trials. Inversely to sugar content, at the end of July, total acidity 
was the highest in T3 comparing to T1 and T2. Differences in titratable acidity levels among trials were 
gradually smaller starting for the end of July, whereas at the beginning of September no differences were 
detected in total acidity levels among trials (Fig 5.3). At harvest slightly higher total acidity levels were 
detected in berries from grapevines submitted to T3 compared with those of  T2 and T1 (Fig. 5.3). 
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However, even if detected differences were not significant (Table 5.2). Berry juice pH value at harvest 
was similar in all trials 3.14, 3.14 and 3.17 in T3,T2 and T1, respectively. These findings are partly 
aligned with a recent study that reported a significant must sugar content decrease, significant must 
titratable acidity increase and lack of differences in must pH value when winter pruning was applied on 
cv. Sangiovese grapevines after inflorescence swelling (BBCH=55) respect to grapevines where pruning 
was applied before bud burst (BBCH=0) (Frioni et al., 2016). 
5.2.3 Conclusions 
 
Late winter pruning had an influence on cv. Sangiovese grapevine development. In particular, grapevines 
submitted to T3 had a delay in early periods of plant development compared to T1 and T2. This delay in 
grapevines submitted to T3 was compensated until véraison, ultimately leading, to the fastest  
development of plants submitted to T3 respect to T1 and T2, until harvest period. The application of late 
pruning to grapevines significantly modified sugar content in plants submitted to T3 compared to control 
trial (T1). Also, the application of late pruning caused a significant reduction of yield per plant in T3 
compared to T1 and T2. On the other hand, differences of pH, TA, berry weight, number of clusters and 
cluster weight were not significant. Although, the highest berry sugar content was detected in plants 
submitted to T3, which is opposite to the desired objective, further experiments need to be conducted in 
order better understand the possibilities of sugar content reduction in plants by application of late winter 
pruning. Apart from later winter pruning, experiments should also include monitoring of leaf to fruit area 
and if needed, application of cluster thinning and leaf removal to reduce the potential differences in 
source-sink balance among trials. Furthermore, trials need to be performed during at least two seasons to 
ascertain the conclusions. 
 
5.3 Combination of ‘early green harvest’ and non-Saccharomyces cerevisiae yeasts 
as an approach reduce ethanol level in Chardonnay wines 
 
Teslić, N., Patrignani, F., Ghidotti, M., Parpinello, G.P., Ricci, A., Tofalo, R., Lanciotti, R., Versari, A. 2018. 
Utilization of ‘early green harves’ and non-Saccharomyces cerevisiae yeasts as a combined approach to face climate 
change in winemaking. European Food Research and Technology. First online https://doi.org/10.1007/s00217-
018-3045-0 
Removal of excessive alcohol content from wine by utilization of single technique may have a negative 
impact on wine sensory characteristic due to aroma compounds removal (Catarino and Mendes, 2011). 
Therefore, certain studies examined the possibilities to use two techniques (e.g. nanofiltration and 
pervaporation) as a combined method to remove excessive alcohol content from wines with a lesser 
impact on wine sensory characteristics compared to single technique method (Catarino and Mendes, 
2011). However, to install equipment for nanofiltration and pervaporation winemakers might require 
capital initial investments (315k€ only for pervaporation; Takács et al., 2007). Thus, presented 
experiment evaluated possibilities to use ‘early green harvest’ (viticulture technique) and non-
Saccharomyces cerevisiae (biotechnological technique) as a combined method to remove excessive wine 
alcohol due to its simplicity and inexpensiveness. 
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5.3.1 Materials and Methods  
 
5.3.1.1 Reagent and chemicals 
 
Citric acid, lactic acid, L-malic acid, succinic acid, acetonitrile, (+)-catechin, (–)-epicatechin, caffeic acid, 
glycerol, sodium hydroxide, sodium carbonate, 2-ethyl butyric acid, dimethyl carbonate, Trolox (6-
hydroxy-2, 5, 7, 8-tetramethylchroman-2-carboxylic acid) and gallic acid were purchased from Sigma-
Aldrich (Steinheim, Germany). L-tartaric acid, sulfuric acid, p-coumaric acid, Folin-Ciocalteu’s reagent, 
acetic acid, iodine and calcium hydroxide were purchased from Merck (Darmstadt, Germany). Glucose, 
yeast extract and peptone were purchased from Oxoid (Basingstoke, United Kindom). Ethanolic solution 
of phenolphthalein and potassium hydrogen sulfate were purchased from Carlo Erba (Milan, Italy). 
Ferulic acid was purchased from Extrasynthese (Genay, France). Glycerol enzymatic kit was purchased 
from Steroglass (Perugia, Italy). Methanol was purchased from VWR (Leuven, Belgium). Silicon 
antifoam was purchased from Ing. Castore Bullio (Milan, Italy).  
5.3.1.2 Yeasts activation  
 
The yeast strains utilized for the fermentation trials were: low-ethanol trial (Y1) – Exotics (hybrid 
Saccharomyces paradoxus/Saccharomyces cerevisiae) (Oenobrands, France), low-ethanol alternative trial 
(Y2) – Candida zemplinina FT811 (yeast strain isolated at the University of Teramo) in sequential 
fermentation method with Exotics (Y1) and control trial (Y3) – Vin13 (Saccharomyces cerevisiae) 
(Oenobrands, France). For each fermentation (total n=18; Fig. 5.4), yeast strains were primarily 
inoculated in 10 ml of solution obtained with peptone (10 mg/mL), glucose (20 mg/mL) and yeast extract 
(10 mg/mL) and then incubated (24h at 25°C). Afterwards, the yeast strains were re-inoculated into 0.25 
L of non-clarified and previously pasteurized must (must was pasteurized at 65°C for 30 min) and then 
incubated (24h at 25°C) to obtain sufficient quantity of active yeast cells for fermentations (at least 10
7
 
log CFU/mL). Once properly prepared, yeasts were added directly into grape must (for details see 
5.3.1.3). In order to prevent the appearance of late spontaneous fermentation due to activity of wild 
Saccharomyces cerevisiae strains, trials inoculated with Candida zemplinina were inoculated in 
sequential fermentation method (at ethanol level ~7–8%) with 30 g/hL of yeast Y1 (according to 
producer’s instructions). 
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             Figure 5.4 Experiment design and winemaking protocol (modified from Teslić et al., 2018). 
 
5.3.1.3 Grape harvest and vinification procedure 
 
The experiment was performed during vintage 2016 with cv. Chardonnay grapes. Grapevines were 
trained to free cordon with 2.5 m × 1.0 m spacing between plants (4000 plants/ha). The vineyard and 
experimental winery were located in Tebano (44°28’7” N; 11°77’5” E; Faenza, Italy). Harvest-0 (H0 - 
considered as ‘early green harvest’) was conducted at véraison, whereas 25 kg of manually thinned grapes 
was collected, which were afterwards manually destemmed and crushed. Obtained grape juice was treated 
with potassium metabisulfite (5 g/hL, AEB, Brescia, Italy) and stored into 10L plastic tank at low-
temperature regime (-20°C) until fermentation.  
Harvest-1 (H1) was conducted at grape technological maturity (control) - based on sugar concentration 
and total acidity – whereas ~100 kg of grapes was manually harvested and afterwards crushed and pressed 
using a semi-automatic press (22620M, Spedeil, Ofterdingen, Germany). Grape juice was racked into 
100L stainless-steel tank, treated with potassium metabisulfite (8 g/hL), pectolytic enzymes (1 g/hL, 
Lafazym CL, Laffort, France), silica gel (30 g/hL, Baykisol 30, AEB, Brescia, Italy), gelatin (3 g/hL, 
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Gelsol, AEB, Brescia, Italy), bentonite (30 g/hL, Superbenton, Dal Cin, Italy), in respective order and 
stored at +4°C for clarification. After 48h of clarification, grape juice was transferred into six 20L 
stainless-steel tanks (in duplicate for each of 3 yeasts), treated with nutrients for yeasts (Nutristart, 30 
g/hL, containing 0.39 mg/L of thiamine, Laffort, France), potassium metabisulfite (4 g/hL) and inoculated 
with yeast strains (for details see 5.3.1.2).  
Four days after H1, ~200 kg of grape was manually harvested during harvest H2 (‘delayed maturity’) and 
treated as described for grapes at H1. The obtained must was split into two equal batches and placed into 
two 100L stainless-steel tanks. The first half of grape juice was processed similarly as grape juice at H1 
(six 20L stainless-steel tanks, in duplicate for each of 3 yeasts). The second half was mixed with must H0 
(~10% v/v, of added H0 grape juice) to match the sugar concentration of musts H2 (Table 5.3). 
Afterwards, H3 grape juice was treated as must at H2 (six 20L stainless-steel tanks, in duplicate for each 
of 3 yeasts). Fermentation trials were run under controlled temperature regime (20°C Y1 and Y2, 17°C Y3) 
whereas sugar consumption by yeasts was daily monitored using a Babo densimeter. At the end of 
fermentation processes (below 0.2 g/L of residual sugars), wines were treated with potassium 
metabisulfite (7 g/hL) and stored at +4°C for clarification. After five days of clarification, clear wine was 
transferred into glass containers and stored at 0°C for cold stabilization for 20 days. Stabilized wines were 
bottled into 1L glass bottles and sealed with crown caps, thus stored at +17°C until analysis.  
 
 
Table 5.3 Chemical composition of Chardonnay grape juice obtained during vintage 2016. 
Variables pH Total acidity (g/L)
1
 Sugar content (°Brix) 
H0 2.61±0.06 26.29±0.05 9.6±0.1 
H1 3.19±0.01 6.45±0.00 19.3±0.0 
H2 3.30±0.02 6.28±0.04 20.5±0.1 
H3 3.06±0.02 8.95±0.04 19.5±0.0 
        Table values present mean (±SD) of three analyses. 
            1 – total acidity expressed as g/L of tartaric acid 
 
5.3.1.4 Chemical analysis 
 
Must sugar content, pH and total acidity 
 
Grape sugar content was examined with a refractometer (PAL-1, Atago, Tokyo, Japan) while pH and total 
acidity of grape juice were analyzed with pH meter (pH 209, Hanna Instruments, Padova, Italy) according 
to the official European Commission methods (EC, 1990).  
Alcohol 
Wine ethanol content was examined with hydrostatic balance and heat-stream distiller (Ing. Castore 
Bullio, Milan, Italy) according to the official European Commission methods (EC, 1990). 
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Glycerol 
 
Wine glycerol content was examined by UV-Vis spectrophotometer (Cary 60, Agilent Technologies, 
Santa Clara, USA) and enzymatic kit according to manufacturer’s instructions (Steroglass, Milan, Italy). 
 
Phenolics 
 
Total polyphenol content was analyzed with colorimetric assay by UV-Vis spectrophotometer (Cary 60, 
Agilent Technologies, Santa Clara, USA) at 750 nm (Singleton and Rossi, 1965). Calibration curve of 
gallic acid (0–0.665 mM; R2=0.994) was used for quantification of phenolic compounds.  
Individual phenolic compounds content was analyzed with high-performance liquid chromatography 
system (HPLC; Dionex IC-500, Milano, Italy), diode array detector (DAD) and Inertsustain C18 column 
(5µm, 4.6 × 250 mm; GL Science, Tokyo, Japan). Prior to manual injection into HPLC system that was 
conditioned at 30°C, wine samples were filtered with 0.2 µm cellulose acetate filter (GVC Filter 
Technology, Sanford, USA). Phenolic compounds separation was conducted at 0.5 ml/L flow rate with 
solvent A (distilled water:acetic acid = 95:5; % v/v) and solvent B (acetonitrile: distilled water = 80:20; % 
v/v) in following proportions: 15 min, 100% A; 30 min, 95% A; 50 min, 90 % A, 51 min, 89 % A; 70 
min, 89% A; 82 min, 85% A; 90 min, 85% A; 95 min, 40% A; 109 min, 100% A. Identification and 
quantification of individual phenolic compounds was performed at 280 nm ((+)-catechin and (–)-
epicatechin), 308 nm (coutaric as p-coumaric) and 324 nm (caftaric as caffeic, ferulic) with calibration 
curves of (+)-catechin (0–0.17 mM; R2=0.999), (–)-epicatechin (0–0.17 mM; R2=0.999), p-coumaric acid 
(0–0.30 mM; R2=0.999), caffeic acid (0–0.28 mM; R2=0.999) and ferulic acid (0–0.26 mM; R2=0.999). 
 
DPPH• radical scavenging 
 
The sample antioxidative properties were analyzed via ability to scavenge DPPH• (2,2-diphenyl-1-
picrylhydrazyl) free radicals by using a modified method which was originally described by Brand-
Williams et al. (1995). In short, methanolic solution of the DPPH reagent (60 µM) was prepared and 
adjusted to absorbance of 0.70 (±0.02) nm by addition of methanol. DPPH reagent (2.9mL) and properly 
diluted samples (0.1mL) were blended in 1 cm plastic cuvettes, closed with parafilm and stored in dark at 
room temperature for 60 minutes.  Quantification of wine antioxidative properties was performed at 517 
nm with UV–Vis spectrophotometer (Cary 60, Agilent Technologies, Santa Clara, USA) and calibration 
curve of Trolox aqueous solutions (0–0.8 mM, R2=0.999). Obtained results were reported as mg of Trolox 
equivalents per L of wine. 
pH, total acidity, volatile acidity and organic acids 
 
Total acidity, pH and volatile acidity were examined with heat-stream distiller (Ing. Castore Bullio, 
Milan, Italy) and pH meter (pH 209, Hanna Instruments, Padova, Italy) according to the official European 
Commission methods (EC, 1990).  
Content of individual organic acids in was analyzed by HPLC equipped with DAD and column Aminex 
HPX-87H (9 µm, 7.8 × 300 mm; Bio-Rad, Hercules, USA) according to a protocol previously described 
(Castellari et al., 2000). Prior to manual injection into HPLC system that was conditioned at 45°C, the 
wine sample was filtered with 0.2 µm nylon filter (Gema Medical, Barcelona, Spain). Identification and 
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quantification of individual organic acids was performed at 210 nm with calibration curves of citric (0–31 
mM; R
2
=0.999), L-tartaric (0–66.5 mM; R2=0.995), L-malic (0–110 mM; R2=0.999), succinic (0–50 mM; 
R
2
=0.999), lactic (0–115 mM; R2=0.999) and acetic acid (0–105 mM; R2=0.999).  
 
Sulfur dioxide 
 
Free and total wine sulfur dioxide content was analyzed by titration with N 0.02 I2  in the presence of 1% 
starch solution as an indicator of titration ending point (Ripper and Schmitt, 1896). 
 
Optical density 
 
Optical density was analyzed by UV-Vis spectrophotometer (Cary 60, Agilent Technologies, Santa Clara, 
USA) at 420 nm according to the official European Commission methods (EC, 1990). 
 
Volatile aromatic compounds 
 
Prior to gas chromatography (GC) analysis, 0.3 ml of wine samples conditioned at room temperature were 
transferred into GC vials (Chromacol, Thermo Scientific) together with 0.185 ml of potassium hydrogen 
sulfate saturated aqueous solution and dimethyl carbonate for extraction. Additionally, 0.015 ml of 2-
ethyl butyric acid aqueous solution (100µg/ml) was added as internal standard. Afterwards, the vials were 
centrifuged at 3800 rpm for 10 min (ALC4232, centrifuge) and analyzed by gas chromatography mass 
spectrometry (GC-MS). GC-MS analyses of wine samples were performed with a gas chromatograph 
(7820A, Agilent, Santa Clara, USA) equipped with a mass selective detector (5977E, Agilent, Santa 
Clara, USA). The autosampler was programmed for the injection of 1µl of extract at the sample depth of 
10 mm. Splitless injection was selected with an inlet temperature of 250°C. Analytes were separated with 
a polar GC column Agilent DB-FFAP (0.25 mm × 30 m, i.d, 0.25 μm ﬁlm thickness; Agilent, Santa 
Clara, USA) with the following thermal program: 50°C held for 5 min, ramp at 10°C/min until 250°C, 
held at 250°C for 5 min, with gas flow of 1ml/min. Detection was made with a quadrupole mass 
spectrometer operating under electron ionization at 70 eV with acquisition at 1 scan/s in the m/z 29 and 
450 range. Mass spectra were acquired in full scan mode properly adjusting the electron multiplier 
voltage. Tentative identiﬁcation was based on library mass spectra matching (NIST). Peak areas were 
integrated by extracting characteristic ions from total ion current. 
 
5.3.1.5 Sensory analysis 
 
 
Quantitative descriptive sensory analysis 
 
As a preliminary step of sensory analysis, wines were assessed by winemakers and staff of the BSc 
program in Enology and Viticulture at the University of Bologna (3 females and 2 males, aged between 
27 and 52), to ascertain the lack of differences between duplicate trials.  
Afterwards, the nine wines were assessed, one randomly selected wine for each combination of yeasts 
(Y1, Y2 or Y3) and harvest dates (H1, H2, H3). Firstly, wine sensory analysis was performed using a 
quantitative descriptive sensory analysis (Stone et al., 1974). Panelist evaluated samples in terms of 
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olfaction (alcoholic odor, fruity odor, flowery odor, herbal odor, odor complexity) and taste (alcoholic 
taste, acidity, sweetness, bitterness, structure, taste complexity, persistence) by marking 10 cm 
unstructured scale anchored with ‘0’ (lack of presence) and ‘10’ (extremely intensive). The panel 
accounted 25 panelists (12 females and 13 males, aged between 20 and 46) which were recruited among 
employees and students of the BSc program in Enology and Viticulture (University of Bologna, Campus 
of Food Science, Cesena, Italy), whereas all panelists were properly trained during the BSc program (in 
Enology and Viticulture) courses related to wine sensory evaluation. Wine tasting was performed in two 
sessions within the same day (4 samples in the 1
st
 session and 5 samples in the 2
nd
 session). Samples were 
numerically assigned with a three-digit number and randomly distributed to panelists in transparent and 
pear-shaped glasses containing 25 ml of wine (ISO, 1977). For purpose of palate cleansing natural water 
was distributed to panelists (Levissima, Torino, Italy). 
 
Preference test 
 
Successively with quantitative descriptive analysis, panelists also evaluated samples in term of 
preference. Preference test was examined by utilization of a simple 10 cm unstructured linear hedonic 
scale anchored with ‘0’ (as extremely disliked) and ‘10’ (as extremely liked), since panelist have the 
possibility to express sensory perceptions more precise than with the nine-point hedonic scale (Lawless 
and Heymann, 2010).  
 
5.3.1.6 Statistical Analysis 
 
The chemical composition data of grape juice and wines were statistically examined with one-factor 
analysis of variance (ANOVA) and parametric post-hoc Tukey tests with a confidence level set at 90% 
and 95%. Sensory data were statistically examined with non-parametric Kruskal-Wallis test with a 
confidence level set at 90% and 95%. Principal component analysis (PCA) was utilized to detect potential 
correlations between quantitative descriptive sensory analysis, preference test and wine chemical analysis 
variables. 
 
5.3.1.7 Climatic characterization of the vintage 2016 
 
Climatic characterization of the vintage 2016 was conducted with meteorological data from a grid cell 
Tebano (11.7816E 44.2725N) during the period 1961–2016 which were used to calculate Tmean, GDD and 
DI (see 2.2.2 for details). Results are suggesting that Tmean during the vintage 2016 was classified as 
‘warm’ (Table 5.4) (Fraga et al., 2014), which is noticeably higher compared to Tmean (17.72°C; Table 
5.4) during the period 1961–2015 which was also classified as ‘warm’ (Fraga et al., 2014). Furthermore, 
Tmean during the vintage 2016 was noticeably higher than optimal Tmean for Chardonnay cultivation 
(~14.0–17.1°C; Fig. 2.3). Thermal accumulation during the vintage 2016 was in upper limit of optimal 
thermal accumulation conditions to produce high-quality wines, which is often too hot for production of 
white wines (1400–2000; Gladstones, 1992). These higher temperatures and thermal accumulation 
caused moderately dry conditions during the vintage 2016 (Table 5.4). Therefore, climate characteristic of 
the vintage 2016 in Tebano were suitable to evaluate the effect of the climate change on grape/wine 
quality since the temperature and soil water availability were far from optimal for cultivation of 
Chardonnay grapes. 
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Table 5.4 Bioclimatic indices during the vintage 2016 and average bioclimatic indices values from the 
1961 until the 2015. 
Index Tmean [°C] GDD [units] DI [mm] 
1961–2015 17.72 1680.37 98.76 
2016 18.90 1906.80 89.57 
 
5.3.2 Results and Discussion 
 
5.3.2.1 Influence of early green harvest and yeasts selection on wine quality parameters 
 
Alcohol  
Selection of yeasts for vinification plays a key role in determining the final composition of wine, 
including ethanol content (Contreras et al., 2014b), malic acid content (Bovo et al., 2016), aroma profile 
(Tofalo et al., 2016), glycerol and polyphenols contents (Romboli et al., 2015) and acetic acid content  
(Rantsiou et al., 2012). In presented experiment, the average wine ethanol content of Chardonnay wine 
vinified by Y1, Y2 and Y3 yeasts was 11.83%, 11.87% and 12.04%, respectively (Table 5.5); therefore, a 
drop of about 0.2% was achieved by using selected yeasts strains. This moderate ethanol decrease is 
consistent with a case study conducted with Chardonnay wines, whereas Saccharomyces paradoxus (Sp), 
compared to the Saccharomyces cerevisiae (Sc), decreased the wine ethanol content of Chardonnay wines 
for ~0.35% (Orlic et al., 2007). Other case study reported similar results, whereas alcohol level of 
Sangiovese wines was reduced up to 0.3% v/v by utilization of Candida zemplinina (Cz) (Romboli et al., 
2015). However, some case studies reported a higher ethanol removal by utilization of a Cz comparing to 
Sc for vinifications of red grape varieties (Englezos et al., 2016a; Giaramida et al., 2013). Thus, it is 
postulated that yeasts can reduce wine ethanol level at the higher percent when fermenting high grape 
sugar content (often found in must of red grape varieties). 
Since chemical composition of grape berries changes starting from the fruit set and last until the ripening 
(see 4.1.2–4.1.5), the date of grape harvest plays an important role in the final wine quality. As expected, 
all the ‘mixed’ samples – e.g. samples with part of their must replaced with the low-total soluble solids 
H0 grape juice – had significantly lower ethanol content (H3) compared to wines made with grape juice 
from H2. The average alcohol content for wines produced with grapes harvested at the H1, H2 and 
mixture of H0 and H2 (H3) was 11.62%, 12.50% and 11.60%, respectively (Table 5.5). The results 
clearly indicated that the ethanol removal in Chardonnay wines was mainly related to grape harvest 
timing (~0.9%), respect to the yeast strains (~0.2%). Kontoudakis et al. (2011a) reported similar findings, 
whereas addition of low-ethanol wine (5%) in a high-sugar grape juice, resulted in ethanol content 
decrease of Cabernet Sauvignon wines (0.9%). Using the same method, the ethanol loss was enhanced of 
about 3.0% and 1.7% was accomplished in Bobal and Merlot wines respectively (Kontoudakis et al, 
2011). 
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Table 5.5 Chemical composition, optical density, SO2 concentation and antioxidative capacity of Chardonnay wines produced during vintage 
2016. Statistical analysis differences among trials based on one-way Anova with post-hoc test Tukey (p < 0.05; p < 0.1) are marked using different 
letters (see footnotes for explanation). 
 
Variable 
Alcohol 
(% v/v) 
Glycerol 
(g/L) 
Phenolics 
(mg/L)
3
 
DPPH 
(mg/L)
4
 
 
pH 
Total acidity 
(g/L)
1
 
Volatile 
acidity (g/L)
2
 
Free SO2 
(mg/L) 
Total 
SO2 
(mg/L) 
Optical 
density 
(420 nm) 
H1 11.62±0.11b 5.1±0.7 125±6c 167.1±5.1 3.17±0.02b 7.07±0.26b 0.29±0.11 15±5 72±7a 0.08±0.01 
H2 12.50±0.09a 5.5±0.7 132±3b 173.4±6.0 3.22±0.03a 6.88±0.27b 0.39±0.08 16±4 58±6b 0.09±0.01 
H3 11.60±0.12b 5.2±0.9 138±2a 169.3±4.5 3.06±0.01c 8.80±0.14a 0.35±0.08 15±3 58±7b 0.08±0.01 
Y1 11.83±0.48 6.2±0.2a 135±4 169.4±6.5 3.14±0.07 7.66±0.98 0.34±0.10d 13±1b 58±6 0.08±0.01 
Y2 11.87±0.47 4.9±0.2b 131±7 170.5±5.3 3.17±0.08 7.55±0.97 0.43±0.05d 13±5b 66±9 0.09±0.01 
Y3 12.04±0.45 4.7±0.4b 130±9 169.9±5.6 3.15±0.08 7.55±0.96 0.26±0.03e 18±2a 65±11 0.08±0.01 
Table values present mean (±SD) of single analysis for six trials conducted with same grape picking date or yeast selection. 
1
 – total acidity expressed as g/L of tartaric acid 
2
 – volatile acidity expressed as g/L of acetic acid 
3
 – concentration of total polyphenols expressed as mg/L of gallic acid 
4 – antioxidative capacity expressed as mg/L equivalents of Trolox 
 
Average values assigned by different letter are statistically different from each other, by Tukey test at p < 0.05 (a, b and c), and at p < 0.1 (d and e).
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The utilization of different harvest date and yeast strains selection effectively reduced the ethanol 
concentration (-1.21%) in Chardonnay wines from 12.68% (yeast Y3 with H2) to 11.47% (yeast Y1 with 
H3). According to other case studies, the utilization of suggested method in presented experiment can 
further reduce the wine ethanol content, especially in the case of red grape varieties (Englezos et al., 
2016a; Giaramida et al., 2013; Kontoudakis et al., 2011a).  
Glycerol 
Higher glycerol production often related to yeasts response to osmotic stress or low-temperatures stress 
(Pérez-Torrado et al., 2016), may alter the wine sensory features due to sweetness perception (Noble 
and Bursick, 1984), while glycerol contribution to the viscosity or wine ‘structure’, may be controversial 
due to relatively low glycerol concentration in wines (Laguna et al., 2017) (up to ~16 g/L; Romboli et 
al., 2015). In presented experiment, the different grape harvest dates did not significantly alter glycerol 
content that was 5.1, 5.5 and 5.2 g/L in H1, H2 and H3 wines, respectively (Table 5.5). The highest 
glycerol content in H2 wines may be related to slightly higher osmotic stress comparing to H1 and H3 
wines. Also, due to fact that H2 grape juice had a higher concentration of total soluble solids when 
compared to H1 and H3 grape juice that may be converted to more glycerol (Table 5.3).  
Comparing to grape picking date, yeast selection had more influence on wine glycerol concentration, 
whereas Y1 (6.2 g/L) had significantly higher glycerol concentration when compared to Y2 wines (4.9 
g/L) and Y3 wines (4.7 g/L) (Table 5.5). Experiment results related to higher glycerol production in Y1 
wines compared to Y3 wines are similar with other case study performed on Chardonnay wines (Orlic et 
al., 2007).  
Phenolics 
Phenolics affect wine antioxidative features, color, taste etc., thus they have a significant impact on final 
wine quality (Boulton et al., 1999). In presented experiment, phenolics content in Chardonnay wines was  
approximately from 120 to 140 mg/L (as gallic acid; Table 5.5), which value is close compared with other 
case studies related to phenolics quantity in Chardonnay wines (Chamkha et al., 2003; Olejar et al., 
2016; Ricci et al., 2017). The grape picking dates significantly affected the phenolics content of 
Chardonnay wines, whereas H1, H2 and H3 wines had 125, 132 and 138 mg/L of phenolic compounds 
(as gallic acid), respectively (Table 5.5). The highest concentration of phenolics in wines H3 probably 
reflect the high content of phenolic compounds in juice obtained from grapes harvested at H0 that was 
added instead of H2 grape juice. At véraison, grapes (similarly to H0) have higher concentration of 
phenolic compounds compared to grapes after véraison (H1 and H2). This is explained by the increased 
synthesis of hydroxycinnamic acids and their derivatives that occurs before to véraison, followed by a 
decrease of hydroxycinnamic acids content after véraison due to ‘dilution’ by total soluble solids 
accumulation in grape berries (Ong and Nagel, 1978). Hydroxycinnamic acids concentration was higher 
in H3 wines (22.5 mg/L) respect to H1 (20.7 mg/L) and H2 (20.9 mg/L) (Table 5.6). Furthermore, 
concentration of caftaric acid which is the main hydroxycinnamic acid of white wines (Adams, 2006), 
was the highest in H3 wines (18.2 mg/L) followed by H1 (17.1 mg/L) and H2 wines (16.8 mg/L). 
Comparing to caftaric acid other phenolic compounds were detected in low quantities (Table 5.6). The 
values of caftaric acid found in this experiment are aligned with other studies related to Chardonnay 
wines (~8–44 mg/L) (Cejudo-Bastante et al., 2011; Chamkha et al., 2003; Olejar et al., 2016).  
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Table 5.6 Phenolic compounds composition in Chardonnay wines produced during vintage 2016. 
Statistical analysis differences among trials based on one-way Anova with post-hoc test Tukey (p < 0.05; 
p < 0.1) are marked using different letters (see footnotes for explanation). 
Var Catechin 
(mg/L) 
Epicatechin 
(mg/L) 
 Flavan-
3ols (mg/L) 
Caftaric 
(mg/L) 
Coutaric 
(mg/L) 
Ferulic 
(mg/L) 
 HCA 
(mg/L) 
 Phenolics 
(mg/L) 
H1 1.2±0.3 2.9±0.3d 4.1±0.3a 17.2±1.4b 1.2±0.1c 2.4±0.3b 20.7±1.3b 24.8±1.3b 
H2 0.9±0.3 2.3±0.3e 3.1±0.4b 16.8±0.5b 1.4±0.1b 2.7±0.2a 20.9±0.4b 24.0±0.6b 
H3 0.9±0.5 2.5±0.7e 3.4±0.5b 18.2±0.5a 1.7±0.1a 2.6±0.1a 22.5±0.5a 25.9±0.8a 
Y1 1.0±0.3 2.6±0.6 3.6±0.7 17.2±0.6 1.4±0.2 2.4±0.3 21.1±1.1 24.6±0.6 
Y2 1.1±0.5 2.3±0.5 3.4±0.6 17.9±1.0 1.4±0.2 2.6±0.3 22.0±0.7 25.3±1.3 
Y3 0.9±0.4 2.8±0.3 3.7±0.5 17.1±1.3 1.4±0.2 2.6±0.2 21.1±1.5 24.8±1.5 
Table values present mean (±SD) of single analysis for six trials conducted with same grape picking date or yeast 
selection. 
Average values assigned by different letter are statistically different from each other, by Tukey test at p < 0.05 (a, b 
and c), and at p < 0.1 (d, e and f). 
 
Compared to grape picking dates, the yeast strain had a minor effect on total polyphenols concentration 
and individual phenolic compounds content. Polyphenols content in Chardonnay wines fermented with 
yeast Y1, Y2 and Y3 was 135, 131 and 130 mg/L, respectively (Table 5.5), which were partly identified by 
HPLC as low molecular weight phenolic compounds (Table 5.6).  
DPPH• radical scavenging 
Antioxidative capacity of wines is important quality parameter since it reflects potential shelf-life and 
aging potential. Wine antioxidative capacity is mostly related to concentration of free SO2, pH value, 
phenolic compounds composition and quantity. In presented experiment, wine antioxidative capacity was 
approximately 170 mg/L (as Trolox equivalent) for all wines and did not differ statistically according to 
grape harvest timing neither according to yeast selection (Table 5.5). Obtained values are close to results 
reported in a recent study addressing antioxidative capacity of Chardonnay wines (Olejar et al., 2016). 
pH, total acidity, volatile acidity and organic acids 
Wine total acidity and pH values are among the most important wine quality parameters, due to their 
impact on wine color, organoleptic features, microorganism activity, content of active molecular sulfur 
dioxide etc. The average total acidity for H1, H2 and H3 wines was 7.07, 6.88 and 8.80 g/L (as tartaric 
acid), respectively, while pH values were 3.17, 3.22 and 3.06 for H1, H2 and H3 wines, respectively 
(Table 5.5). These results are consistent with other case studies, whereas Chardonnay wines had total 
acidity in the range 4.2–10.1 g/L and pH value in the range 3.1–3.5 (Cejudo-Bastante et al., 2011; 
Olejar et al., 2016; Orlic et al., 2007; Redzepovic et al., 2003; Ricci et al., 2017; Torrea et al., 2011). 
As expected, the mix of H0 and H2 grape juices significantly increased the total acidity of Chardonnay 
wine (H3), thus presented method may serve, if necessary, as an alternative to chemical acidification of 
wines. These results are aligned with a case study (Kontoudakis et al., 2011a),  whereas the mix of low-
alcohol wine (produced with grapes collected at véraison) and grape juice (produced with ripen grapes) of 
Cabernet Sauvignon, Merlot and Bobal increased total acidity in the range of 0.8–2.2 g/L (as tartaric 
acid). Opposite to grape picking date, the selection of yeast strains had a minor impact on pH value and 
total acidity, whereas wines produced by Y1, Y2 and Y3 yeast strains had 3.14, 3.17 and 3.15 pH values 
and total acidity of 7.65, 7.55 and 7.55 g/L, respectively (Table 5.5). 
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The increase of total acidity in samples H1 and H2 respect to the total acidity of corresponding grape 
juice prior to vinification (Table 5.3; Table 5.5) may be partially explained with the synthesis of succinic 
acid during the vinification process (Table 5.7). On the other hand, the lower total acidity of H3 samples 
respect to corresponding grape juice (Table 5.3; Table 5.5) may be tentatively attributed to the 
consumption of malic acid by yeasts during vinification and the favored precipitation of potassium 
bitartrate during cold stabilization. 
The presented combined method (different grape harvest dates with appropriate yeast selection) caused 
increase (2.55 g/L) of total acidity in Chardonnay wines from 6.37 g/L (yeast Y2 with H2) to 8.92 g/L 
(yeast Y1 with H3), clearly indicating that it may be used as an alternative to chemical acidification of 
wines. 
Table 5.7 Organic acids composition of Chardonnay wines produced during vintage 2016. Statistical 
analysis differences among trials based on one-way Anova with post-hoc test Tukey (p < 0.05; p < 0.1) 
are marked using different letters (see footnotes for explanation). 
Var Lactic 
(g/L) 
Succinic 
(g/L) 
Acetic 
(g/L) 
Citric 
(g/L) 
Tartaric 
(g/L) 
Malic 
(g/L) 
 Acids 
(g/L) 
H1 0.09±0.04 2.47±0.08a 0.12±0.15 0.19±0.01b 2.31±0.06e 3.58±0.15e 8.8±0.2b 
H2 0.12±0.02 2.13±0.14b 0.20±0.18 0.20±0.02b 2.20±0.09f 3.25±0.28f 8.1±0.3c 
H3 0.09±0.03 2.36±0.10a 0.19±0.14 0.24±0.01a 2.81±0.09d 4.71±0.29d 10.4±0.3a 
Y1 0.12±0.01a 2.43±0.14 0.13±0.07b 0.21±0.03 2.45±0.30 3.69±0.65 9.0±1.0 
Y2 0.07±0.03b 2.22±0.22 0.36±0.05a 0.20±0.03 2.38±0.28 3.72±0.71 8.9±1.1 
Y3 0.11±0.03a 2.31±0.12 0.02±0.02c 0.22±0.02 2.49±0.31 4.13±0.72 9.3±1.1 
Table values present mean (±SD) of single analysis for six trials conducted with same grape picking date or yeast 
selection. 
Average values assigned by different letter are statistically different from each other, by Tukey test at p < 0.05 (a, b 
and c), and at p < 0.1 (d, e and f). 
 
The grape picking date had a minor effect on volatile acidity and acetic acid concentration, which were 
0.29, 0.39, 0.35 g/L, and 0.12, 0.20, 0.19 g/L (both as acetic acid) for H1, H2 and H3 wines, respectively 
(Table 5.5; Table 5.7). Reversely, yeast strain selection had a significant effect on these parameters. In 
particular, wines vinified with yeast Y3 had a significantly lower volatile acidity (0.26 g/L) respect to 
wines vinified by Y1 (0.34 g/L) and Y2 (0.43 g/L) yeasts (Table 5.5). However, even if statistical 
differences were detected, wine content of volatile acids was below legal limits (1.2 g/L) for volatile 
acidity in wines set by OIV (OIV, 2017). Detected higher wine volatile acidity content in samples 
vinified with Y1 respect to Y3 is partly consistent with other studies addressing similar topics (~0.2–0.4 
g/L) (Orlic et al., 2007; Redzepovic et al., 2003). The acetic acid content was lower in samples vinified 
with yeast Y3 (0.02 g/L), respect to samples vinified with Y1 and Y2 yeasts: 0.13 and 0.36 g/L, 
respectively (Table 5.7). The acetic acid content in samples vinified with Y2 was lower in presented 
experiment (0.36 g/L) respect to other studies (~0.5–0.95 g/L) (Giaramida et al., 2013; Romboli et al., 
2015; Sadoudi et al., 2012). 
Organic acids have a significant impact on wine stability and sensory features, especially in white wines 
(Ribéreau-Gayon et al., 1982). Part of wine organic acids is present due to natural synthesis in grapes 
during grapevine reproduction cycle (tartaric, malic and citric acid), while other wine acids are present 
due to yeast and bacteria synthesis during vinification and ageing process (succinic, lactic and acetic 
acid). Content of wine organic acids obtained in the present experiment is reported in Table 5.7. Since 
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tartaric, malic citric acids are more related to berry ripening process, as expected their content was 
significantly affected by grape picking date (Table 5.7). Apart from H3 wines, results related to content of 
tartaric, malic and citric acid are consistent with other case studies addressing Chardonnay wines, whereas 
tartaric acid was reported in the range 2.6–4.6 g/L (Cejudo-Bastante et al., 2011; Wang et al., 2013), 
malic acid  was reported in the range 1.5–3.3 g/L (Cejudo-Bastante et al., 2011; Pan et al., 2011; 
Redzepovic et al., 2003; Torrea et al., 2011) while citric acid was reported low as 0.1 g/L (Wang et al., 
2013). The highest content of these acids was detected in H3 wines since H0 grape juice had the highest 
total acidity (Table 5.3).  
Relatively low content of lactic acid detected in presented experiment (0.07–0.12 g/L; Table 5.7) respect 
to other studies addressing similar topic (0–0.7 g/L) (Cejudo-Bastante et al., 2011; Redzepovic et al., 
2003; Wang et al., 2013) are suggesting that malolactic fermentation was partly completed.  
Interestingly, succinic acid concentration in all samples (n.18 in total) varied from 1.94 (Y2 yeast with 
H2) to 2.60 g/L (Y1 yeast with H1), which is noticeably higher respect to concentrations of succinic acid 
often present in Chardonnay wines (~0.3–1.4 g/L) (Redzepovic et al., 2003; Torrea et al., 2011; Wang 
et al., 2013) or white wines in general (up to 1.7 g/L) (Coulter et al., 2004; Patrignani et al., 2016). The 
high values of succinic acid could be explained with a relatively high content of vitamins (e.g. thiamin) 
added as Nutristart (see 5.3.1.3) that have a positive impact on succinic acid synthesis by yeasts (Coulter 
et al., 2004). Furthermore, succinic acid is mostly synthesized during the first stages of vinification 
(Arikawa et al., 1999; Thoukis et al., 1965), which synthesis may be increased in pasteurized (Shimazu 
and Watanabe, 1981) and non-clarified grape juice (see 5.3.1.2), due to high content of nutrients for 
yeasts. These results are indicating that regulation of yeasts nutrition may serve as an alternative approach 
to regulate wine total acidity and pH value during the ‘hot’ vintages which are often followed by low total 
acidity and high pH value. 
Sulfur dioxide  
Free SO2 concentration is important parameter since it has antimicrobial and antioxidative properties 
(Pezley, 2015). Quantity of free sulfur dioxide present in wine is mostly related to addition of potassium 
metabisulfite or similar compounds into must and/or wine during winemaking and wine storing. 
However, it could also be produced in small quantities (few mg/L) by yeasts during vinification (Pezley, 
2015). Thus, as expected, grape harvest dates did not influence free SO2 that was 15, 16 and 15 in H1, H2 
and H3 wines. On the other hand, significant differences in free SO2 concentration were detected due to 
yeast selection, whereas Y3 (18 mg/L) had higher free SO2 content respect to Y1 (13 mg/L) and Y2 (13 
mg/L) (Table 5.5). Reversely, total SO2 concentration did not differ significantly due to yeast selection 
and it was 58, 66 and 65 mg/L in wines vinified with Y1, Y2 and Y3, respectively (Table 5.5). Significant 
statistical differences in total SO2 concentration were detected among trials with different grape harvest 
dates, whereas H1 (72 mg/L) had higher total SO2 content comparing to H2 (58mg/L) and H3 (58 mg/L) 
wines (Table 5.5). However, even if differences were significant, all trials had total SO2 content far below 
legal limits set by OIV (200 mg/L for dry white wines) (OIV, 2017).  
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Optical density 
White wine optical density obtained at 420 nm may be used as control quality parameter since it reflects 
phenolic browning which is caused by oxidation. Apart from negative impact on white wine color, 
oxidation is followed also by negative impact on wine organoleptic characteristics (Singleton and 
Cilliers, 1995). Optical density for Chardonnay wines obtained in the present study was similar for all 
wines (0.08–0.09) and did not differ statistically (Table 5.5). Obtained results are aligned with other 
studies related to Chardonnay wines that reported optical density in approximate range from 0.07 until 
0.095 (Fu et al., 2009; Ricci et al., 2017). Furthermore, a relatively low optical density of wine samples 
is indicating that vinification processes were performed correctly, preventing significant phenolic 
browning. 
Volatile aromatic compounds 
Volatile aromatic profile and concentration of individual compounds determine the wine odor 
characteristic. Aromatic compounds in Chardonnay wines can be derived from grapes (e.g. linalool, β-
damascenone etc.), alcohol and malolactic fermentation (e.g. ethyl hexanoate, diethyl succinate etc.)  and 
from contact with Oak and ageing (e.g. vanillin, cis-oak lactone etc.) (Gambetta et al., 2014). Thus, 
different harvest timing may influence the volatile aromatic profile. However, all detected aromatic 
compounds in the present experiment were mainly derived from alcohol and partial malolactic 
fermentation. Hence, differences among the trials according to grape harvest timing were mainly not 
significant (Table 5.8). 
On the other hand, significant differences were detected according to yeast selection (Table 5.8). In 
particular, ethyl hexanoate, volatile aromatic compound important for Chardonnay characterization 
(Gambetta et al., 2014), was significantly higher in Y2 wines comparing to Y1 wines (Table 5.8). 
However, even if differences were detected, there was a lack of differences in fruity odor sensation (Fig. 
5.6). As expected, significant differences were detected also for acetic acid, whereas Y2 has the highest 
concentration of acetic acid which is aligned with other analysis (Table 5.5; Table 5.7; Table 5.8). 
Furthermore, isoamyl acetate was significantly higher in Y3 comparing to Y1 and Y2 (Table 5.8). which is 
aligned with literature, whereas Sc produces more isoamyl acetate comparing to Cz or Sp (Orlic et al., 
2007; Sadoudi et al., 2012). Significant differences were detected also for isoamyl alcohol, phenylethyl 
alcohol butanoic acid, isovaleric acid etc. (Table 5.8).  
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Table 5.8 Volatile aromatic composition of Chardonnay wines produced during vintage 2016 expressed 
as mg/L. Statistical analysis differences among trials based on one-way Anova with post-hoc test Tukey 
(p < 0.1; p < 0.05) are marked using different letters (see footnotes for explanation). 
 
Table values present mean (±SD) of single analysis for six trials conducted with same grape picking date or yeast 
selection. 
Average values assigned by different letter are statistically different from each other, by Tukey test at p < 0.05 (a, b 
and c), and at p < 0.1 (d, e and f). 
 
However, only a few of detected compounds were present in concentrations higher than odor threshold 
limits (Table 5.9). Volatile aromatic compounds that were present in concentration at least 50 times 
higher than threshold limit are characterized with fruity odor sensation, suggesting that wines were mostly 
perceived as fruity by the panelists (Table 5.9). These findings are aligned with sensory analysis whereas 
fruity odor sensation had higher scores comparing to complexity, herbal, alcoholic and floral odor 
sensation (Fig 5.6; Fig 5.7). Other compounds that were detected in the concentration higher than 
threshold limit (e.g. isovaleric acid, γ-butyrolactone, phenylethyl alcohol; Table 5.9) most likely 
contributed to the odor complexity sensation which was given higher scores by panelists comparing to 
alcoholic, herbal and floral odor sensation (Fig 5.6; Fig 5.7).    
 
 
  
 
Compounds H1 H2 H3 Y1 Y2 Y3 
Alcohols 
      Isoamyl alcohol 82.6±21.0 88.6±20.7 91.8±20.7 108.7±2.9a 62.7±2.6c 86.7±9.5b 
Phenylethyl 
alcohol 
42.9±20.6 41.7±21.6 44.6±19.8 66.5±2.4a 20.5±2.7c 38.1±1.9b 
Total alcohols 125.5±41.6 130.3±41.7 136.3±40.2 175.2±4.6a 83.2±4.0c 124.9±10.8b 
Esters       
Isoamyl acetate 5.9±1.3 4.5±1.1 5.1±1.5 4.9±0.7b 3.8±0.7c 6.6±0.7a 
Ethyl hexanoate 0.8±0.0 0.9±0.2 0.8±0.1 0.8±0.0b 0.9±0.2a 0.8±0.0b 
Ethyl octanoate 1.3±0.0 1.5±0.2 1.3±0.2 1.3±0.1 1.5±0.2 1.3±0.2 
Ethyl lactate 9.1±2.4b 12.5±2.5a 14.6±2.8a 14.5±2.9a 12.0±2.0a 9.2±2.7b 
Mono-ethyl 
succinate 
15.9±4.4 16.3±4.2 18.9±5.0 22.1±1.8a 13.8±1.8b 14.2±2.4b 
Diethyl succinate 2.8±0.3 2.7±0.4 2.8±0.4 3.1±0.2a 2.4±0.2b 2.7±0.1b 
Total esters 35.7±6.4 38.3±6.1 43.3±7.5 46.7±4.0a 34.4±1.7b 34.7±4.7b 
Acids       
Acetic acid 51.4±48.5 72.5±54.6 55.8±51.0 45.3±16.2b 129.3±15.0a 17.3±1.8c 
Butanoic acid 1.2±0.1 1.3±0.2 1.2±0.2 1.1±0.1b 1.4±0.1a 1.3±0.0a 
Isovaleric acid 0.8±0.1 0.8±0.1 0.8±0.1 0.9±0.0a 0.7±0.1b 0.9±0.1a 
Hexanoic acid 5.0±0.2 5.2±0.9 4.9±0.5 4.5±0.3b 5.6±0.8a 5.2±0.1a 
Octanoic Acid 5.8±0.4 5.9±1.0 5.8±0.8 5.3±0.4f 5.9±0.9e 6.3±0.3d 
Total acids 64.3±48.2 85.8±55.6 68.5±50.8 57.2±1.6b 142.9±1.6a 30.9±1.9c 
Other       
γ-Butyrolactone 0.8±0.4 0.8±0.1 0.9±0.1 0.8±0.2 1.0±0.3l 0.7±0.1k 
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Table 5.9 Volatile aromatic compounds odor activity values, description and odor threshold limits (µg/L). 
Odor activity values are ratio of certain compound concentration and odor threshold limit. 
1
(Song et al., 2015), 
2
(Jiang et al., 2013), 
3
 (Peinado et al., 2004), 
4
(Sánchez-Palomo et al., 2012), 
5
(Rapp and 
Mandery, 1986), 
6
(Aznar et al., 2001),
 7
(Ferreira et al., 2000). 
The PCA plot allowed separation of Chardonnay wines according to volatile aromatic profile, whereas the 
1
st
 two PCs explained 91% of the variability (Fig. 5.5a; Fig. 5.5b). As it was already explained, 
concentration of detected volatile aromatic compounds was more related to the yeast selection than to 
grape harvest dates, hence separation will be considered only according to yeast strain selection (Table 
5.9). Wines obtained with Y1 were separated according to phenylethyl alcohol, isoamyl alcohol, diethyl 
succinate and mono-ethyl succinate, whereas only higher alcohols were detected in concentrations higher 
than odor activity value (OAV) (Fig. 5.5a; Fig 5.5b; Table 5.9). Must fermentation with Y2 resulted in 
the production of wines that were separated according to γ-butyro lactone, acetic acid, ethyl octanoate and 
ethyl hexanoate, whereas volatile aromatic compounds apart from acetic acid contributed to the odor 
characterization of Y2 wines (Fig. 5.5a; Fig 5.5b; Table 9). Vinification with Y3 resulted in the 
production of wines that were separated according to isoamyl acetate which was present in concentration 
~220 times higher than OAV, suggesting that isoamyl acetate contributed in fruity odor sensation of Y3 
wines (Fig. 5.5a; Fig 5.5b; Table 9). 
 
 
 
 
        
Compounds 
Odor activity value (OAV) 
Description 
Odor 
threshold  
limits H1 H2 H3 Y1 Y2 Y3 
Alcohols         
Isoamyl alcohol 2.8 3.0 3.1 3.6 2.1 2.9 Applejack, spicy
1
 30000
1
 
Phenylethyl 
alcohol 3.1 3.0 3.2 4.8 1.5 2.7 
Sweet rose
1
 14000
1
 
Total alcohols          
Esters          
Isoamyl acetate 196.1 150.7 168.6 164.1 125.5 218.7 Banana
2
 30
2
 
Ethyl hexanoate 55.3 62.8 58.1 54.4 66.6 56.7 Fruity
1
 14
1
 
Ethyl octanoate 258.4 291.9 254.3 253.4 291.4 266.0 Pineapple, pear, floral
1
 5
1
 
Ethyl lactate 0.1 0.1 0.1 0.1 0.1 0.1 Fruity, buttery
3
 150000
3
 
Mono-ethyl 
succinate 0.0 0.0 0.0 0.0 0.0 0.0 Caramel, coffee
4
 1000000
4
 
Diethly succinate 0.0 0.0 0.0 0.0 0.0 0.0 Fermented, floral
1
 200000
1
 
Total esters          
Acids          
Acetic acid 0.3 0.4 0.3 0.2 0.6 0.1 Acid, fatty, vinegar
2,5
 200000
2,5
 
Butanoic acid 7.1 7.8 7.2 6.5 8.0 7.7 Cheese
6
 173
7
 
Isovaleric acid 24.8 25.2 24.6 26.8 21.8 25.5 Cheese
6
 33.4
7
 
Hexanoic acid  1.7 1.7 1.6 1.5 1.9 1.7 Rancid, cheese, copra oil
1,2
 3000
1,2
 
Octanoic Acid 11.5 11.9 11.6 10.5 11.9 12.6 Rancid, cheese, fatty acid
1
 500
1
 
Total acids          
Other          
γ-Butyro lactone 23.5 23.2 24.9 23.9 29.0 19.3 Caramel, sweet, toast4 354 
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Figure 5.5 Principal component analysis a) scores plot of Chardonnay wines according to volatile 
aromatic compounds; b) correlation loadings plot of Chardonnay wines with volatile aromatic compounds 
profile. Y1–must vinified with inoculation of Saccharomyces cerevisiae/Saccharomyces paradoxus; Y2–
must vinified with sequential inoculation of Candida zemplinina and hybrid Saccharomyces 
cerevisiae/Saccharomyces paradoxus; Y3–must vinified with inoculation of Saccharomyces cerevisiae; 
H1–wine made with technologically mature (ratio total acidity/sugar content) Chardonnay grapes; H2–
wine made with Chardonnay grapes obtained during ‘delayed harvest’; H3–wine made with blend of 
Chardonnay grapes obtained during ‘early green harvest’ and Chardonnay grapes obtained during 
‘delayed harvest’; AceA–acetic acid; ButA–butanoic acid; HexA–hexanoic acid; EthO–ethyl octanoate; 
PheA–phenylethyl alcohol; IsoA–isoamyl alcohol 
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5.3.2.2 Influence of early green harvest and yeasts selection on wine sensory  
 
Quantitative descriptive sensory analysis 
Wine sensory characteristics is important wine quality parameter that depends on wine physical properties 
(e.g. density, color) and chemical composition (e.g. volatile esters content, organic acids content), and 
which determines final wine price to a great extent (Gambetta et al., 2014). As concluded earlier, 
different grape picking timing altered chemical composition of Chardonnay wines (Table 5.5; Table 5.6; 
Table 5.7), that caused certain significant differences in wine sensory characteristics (Fig 5.6). These 
significant differences were more related to taste variables, while olfactory variables of Chardonnay 
wines did not differ significantly (Fig 5.6). In particular, differences were detected in acidity, sweetness 
and bitterness. The highest acidity perception was detected in wines obtained with part of unripen grapes 
(H3; Acidity perception score=6.00) while other two trials H1 (4.67) and H2 (4.80) had approximately 
same acidity perception. This is aligned with total acidity and pH values whereas H3 wines had the 
significantly highest total acidity and significantly lowest pH value (Table 5.3). Obtained results aren’t 
surprising since addition of unripen grapes increases acidity as it was reported in several studies 
addressing similar topics (Kontoudakis et al., 2011a, 2011b). Opposite to acidity perception, sweetness 
perception was lower in H3 wines (sweetness perception score=2.32) comparing to H1 (2.93) and H2 
(2.92) that had approximately equal sweetness perception. Even if detected, differences in sweetness 
perception were not related to sugar quantity since all wine had residual sugar concentration below 0.2 
g/L, these differences were most likely related to organic acids quantity. This phenomenon may be 
explained with mutual interaction of sweetness and acidity perception whereas addition of sugar suppress 
acidity and vice versa (Green et al., 2011). Thus, in conditions of constant sugar concentration, 
increasing acids concentration may cause lower sweetness perception. Significant statistical differences 
were also detected for bitterness, whereas H3 wine had the highest bitterness perception (2.84), followed 
by H2 (2.50) and H1 wines (2.08) (Fig. 5.6). The highest bitterness perception of H3 wine is again related 
to addition of unripen grapes which is aligned with literature (Kontoudakis et al., 2011b). Thus, to avoid 
production of bitter and acidic wines, quantity of added unripen grapes need to be regulated with caution.   
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Figure 5.6 Sensory analysis scores of Chardonnay wines produced during vintage 2016 according to 
grape harvest timing. Values are the mean of 25 replicates of all samples (n=75). Statistical analysis was 
performed with Kruskal -Wallis test (* – p<0.05; ** – p<0.1). 
On the other hand, sensory characteristics can be influenced by yeast selection as well. Those differences 
may be related to wine taste characteristics (Gobbi et al., 2013; Tofalo et al., 2016), or to wine olfactory 
characteristics (Varela et al., 2017; Wang et al., 2017). However, even if certain differences were 
detected (e.g. flowery odor) they were not statistical significant (Fig 5.7).  
                                    
Figure 5.7 Sensory analysis scores of Chardonnay wines produced during vintage 2016 according to 
yeast strain selection. Values are the mean of 25 replicates of all samples (n=75). Statistical analysis was 
performed with Kruskal -Wallis test (* – p<0.05; ** – p<0.1). 
 
 
** 
* * 
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Preference test 
According to non-parametric Kruskal-Wallis test wines did not differ statistically in regard to the average 
preference scores (PreSc) (Table 5.10). The lowest PreSc were assigned to the H3 wines (3.27) and Y2 
wines (3.23), while other wines had approximately equal PreSc (3.55–3.59).  
Table 5.10 Preference scores of Chardonnay wines. Statistical analysis of 75 replicates based on Kruskal -
Wallis test (p < 0.05; p < 0.1). 
Variable Preference scores 
H1 3.57±1.68 
H2 3.55±1.72 
H3 3.27±1.65 
Y1 3.59±1.77 
Y2 3.23±1.67 
Y3 3.57±1.59 
Values are the mean (±SD) of twenty-five analyses for three trials conducted with same grape picking date or yeast 
selection. 
 
The PCA plot allowed disclosure of correlations between PreSc and the chemical composition of 
Chardonnay wines (Fig 5.8a). The 1
st
 two PCs explained 84% of the variability, whereas PC1 (57%) 
separated trials according to grape picking date, while PC2 (27%) separated trials according to yeast 
selection (Fig 5.8b). Along PC1, PreSc was negatively correlated with total concentration of polyphenols, 
caftaric and coutaric acid same as with total acidity, tartaric, citric and malic acid (Fig 5.8a). Thus, results 
are indicating that wines H3 may be perceived as acidic and bitter when compared to H1 and H2 (Fig. 
5.8a; Fig 5.8b). These results were confirmed by quantitative descriptive sensory analysis, whereas H3 
wines had significantly higher acidity and bitterness sensation comparing to H1 and H2 wines (Fig. 5.6).  
Inversely, ethanol concentration and pH were positively related with PreSc along the PC1 (Fig 5.8a). 
Since pH value is reversely proportional on a log-scale to total acidity which is negatively related to the 
PreSc, following outcome was expected.  
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Figure 5.8 Principal component analysis a) scores plot of Chardonnay wines according to significant 
variables of chemical composition (without volatile aromatic compounds; b) correlation loadings plot of 
Chardonnay wines chemical composition (without volatile aromatic compounds) and panelist preference. 
Y1–must vinified with inoculation of Saccharomyces cerevisiae/Saccharomyces paradoxus; Y2–must 
vinified with sequential inoculation of Candida zemplinina and hybrid Saccharomyces 
cerevisiae/Saccharomyces paradoxus; Y3–must vinified with inoculation of Saccharomyces cerevisiae; 
H1–wine made with technologically mature (ratio total acidity/sugar content) Chardonnay grapes; H2–
wine made with Chardonnay grapes obtained during ‘delayed harvest’; H3–wine made with blend of 
Chardonnay grapes obtained during ‘early green harvest’ and Chardonnay grapes obtained during 
‘delayed harvest’; AAcid–acetic acid; VolAcid–volatile acidity; CafAcid–cafftaric acid; p-Cou–p-
coumaric acid; TotPoly–total polyphenols; TotAci–total acidity; TAcid–tartaric acid; MAcid–malic acid; 
CAcid–citric acid; SAcid–succinic acid; Pref–panelist preference; pH–pH value; Alc–alcohol content. 
a) 
b) 
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Although the positive correlation between ethanol concentration and PreSc was detected, results 
suggested that low alcohol wines H1 and H3 were slightly preferred in that regard when compared to H2 
wines (Fig 5.8b). 
 
On the other hand, along PC2 wines were separated according to yeast strain selection, with PreSc 
negatively related to acetic acid and volatile acidity, whereas succinic acid seemed to have a positive 
effect on PreSc (Fig 5.8a). However, the results indicated that these variables and yeast strain selection 
had a minor impact on PreSc when compared to grape picking date and related variables separated along 
PC1.    
The PCA allowed also disclosure of correlations between PreSc and results from quantitative descriptive 
sensory analysis of Chardonnay wines, whereas the 1
st
 two PCs explained 88% of the variability (Fig. 
5.9a; Fig. 5.9b). Along PC1 (63%) PreSc was negatively correlated with bitterness and acidity, and 
positively correlated with taste and odor complexity, fruity odor sensation and sweetness (Fig 5.9a). The 
negative correlation of PreSc with bitterness and acidity was expected since H3 wines which were 
characterized as the most acidic and bitter and had the highest total acidity and total polyphenol content 
(Table 5.5; Fig 5.6). The positive correlation of sweetness perception with PreSc was not related to sugar 
quantity since all wines had residual sugar concentration below 0.2 g/L, these differences were most 
likely (inversely) related to organic acids quantity, as it was already explained. The importance of odor 
and taste complexity on PreSc of Chardonnay wines that were detected in the present experiment is 
aligned with a recent study related to quality ratings of Chardonnay wines (Gambetta et al., 2017). 
Authors pointed out that richness on palate was assigned by the expert panel as a property of the highest 
quality Chardonnay wines. However, authors also reported that all young Chardonnay wines (similar to 
wines in the present experiment) corresponded to fruitier and fresher sensation which was not considered 
as a property of the highest quality Chardonnay wines. These results are suggesting that positive 
correlation of PreSc with fruity odor sensation is related only to young Chardonnay wines, whereas 
fruitier young Chardonnay wines are more preferred compared to less fruity young Chardonnay wines. 
The most important variables along the PC2 (25%) were alcoholic taste and odor and herbal odor which 
were all distant from PreSc (Fig 5.9a). Obtained results are suggesting that lower alcohol content of H1 
wines is more preferred compared to H2 wines (Fig 5.9a), which was also confirmed by PCA loading 
plot of chemical composition and PreSc (Fig 5.9a). The negative correlation of herbal odor perception 
with PreSc is might be related to high acidity and bitterness, therefore high total acidity and polyphenol 
content, whereas such wines (H3 wines in the presented experiment) might give a general impression of 
wines made from unripe grapes with green grapes odor nuances or harshness on the palate. In fact, a 
recent study reported that Chardonnay wines with the highest acidity and polyphenol content were 
significantly different among other Chardonnay wines according to green odor and harshness on the 
palate (Olejar et al., 2016).  
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Figure 5.9  Principal component analysis a) scores plot of Chardonnay wines according to significant 
variables of quantitative descriptive sensory analysis; b) correlation loadings plot of Chardonnay wines 
quantitative descriptive sensory analysis and panelist preference. Y1–must vinified with inoculation of 
Saccharomyces cerevisiae/Saccharomyces paradoxus; Y2–must vinified with sequential inoculation of 
Candida zemplinina and hybrid Saccharomyces cerevisiae/Saccharomyces paradoxus; Y3–must vinified 
with inoculation of Saccharomyces cerevisiae; H1–wine made with technologically mature (ratio total 
acidity/sugar content) Chardonnay grapes; H2–wine made with Chardonnay grapes obtained during 
‘delayed harvest’; H3–wine made with blend of Chardonnay grapes obtained during ‘early green harvest’ 
and Chardonnay grapes obtained during ‘delayed harvest’; Aci–acidity; HerO–herbal odor; AlcT–
alcoholic taste; AlcO–alcoholic odor; Swe–sweetness; Tcom–taste complexity; Ocom–odor complexity; 
FruO–fruity odor; Pref–panelist preference.                       
a) 
b) 
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5.3.3 Conclusions 
 
Preliminary results obtained in this experiment suggested that combined approach of ‘early green harvest’ 
and lower ethanol yield yeasts can reduce wine ethanol content (~1.2% v/v) and increase wine total 
acidity (~2.5 g/L as tartaric acid) in Chardonnay wines. Grape picking date had a greater effect on 
dealcoholization and acidification of Chardonnay wines when compared to yeast selection. However, 
wines produced with combined method were less preferred for consumption due to acidic and bitter 
perception of these wines. Hence, grape juice obtained from unripe grapes can require further chemical 
deacidification and fining to eliminate redundant acidity and bitterness. The grape juice acidity obtained 
from unripe grapes may also be reduced by vinification of these grape juices, due to higher yeast 
consummation of malic acid under these conditions (Bovo et al., 2016). Therefore, the presented 
experiment has pointed out advantages and drawbacks of a combined strategy to mitigate the impact of 
most likely upcoming hotter and drier vintages in the future decades. 
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cerevisiae yeasts as a combined approach to face climate change in 
winemaking 
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6 Development of analytical method to examine wine parameters affected by 
climate change and mitigation techniques; Identification of potential 
additives to face the climate change 
 
6.1 Introduction 
 
The increase of alcohol in wines may be partly related to the climate change (see 4.2.2.2). The excessive 
alcohol in wines could be removed by various techniques (see chapter 5). To properly determine desired 
level of dealcoholization, prior to application of post-fermentation techniques (e.g. nanofiltration) it is 
necessary to accurately measure the alcohol level in wines. Furthermore, to properly follow 
dealcoholization process and terminate the process at desired alcohol level it is necessary to have 
appropriate analytical equipment/methods. Thus, in modern winemaking apart from techniques to reduce 
excessive alcohol in wines, winemakers need rapid and accurate equipment/methods to measure alcohol 
level in wines as well. Therefore, the part of presented experiments was related to the assessment of red 
wine alcohol level with Waveguide Vector Spectrometer. Additionally, the same equipment was utilized 
to measure glycerol content in red wines which may be significantly altered during ethanol reduction by 
biotechnological techniques (see 5.3.2.1).  
Temperature increase and elevated air CO2 concentration may enhance the photosynthetic process and 
accelerate pace of phenological events (Duchêne and Schneider, 2005; Jones, 2012). This, accelerated 
pace of phenological events may induce earlier technological maturity of grapes (optimum ratio between 
grape sugar content and acidity) followed with undeveloped aroma and phenolic compounds. In order to 
reach full phenolic maturity viticulturist often leave grape bunches to hang on plants, which is may be 
followed with acidity values below optimum level and sugar content above optimum level (Jones, 2012), 
which will finally cause the production of unbalanced wines. However, in a case of different timing of 
technological and phenolic maturity some viticulturists may choose to harvest grapes at technological 
maturity instead at full phenolic maturity. Wines obtained with grapes that reached only technological 
maturity may have ‘poor’ sensory characteristics (e.g. lack of color) or low antioxidant activity if 
anthocyanins are scarce. Thus, winemakers may choose to improve wine quality by addition of certain 
commercial tannins. The utilization of commercial tannins is widely accepted in winemaking due to their 
antioxidant, antimicrobial and flavouring features. However, certain information (e.g. toxic metals 
content) are not always clearly demonstrated to winemakers. Therefore, the second part of the trial  is 
related to analytical characterization determination of food-grade commercial tannins with different 
botanical origin.  
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6.2 Rapid assessment of red wine compositional parameters by means of a new 
Waveguide Vector Spectrometer 
 
Teslić, N., Berardinelli, A., Ragni, L., Iaccheri, E., Parpinello, G.P., Pasini, L., Versari, A. 2017. Rapid assessment 
of red wine compositional parameters by means of a new Waveguide Vector Spectrometer. LWT - Food Science 
and Technology 84, 433–440 
6.2.1 Materials and Methods 
 
6.2.1.1 The Waveguide Vector Spectrometer and signal acquisition  
 
The Waveguide Vector Spectrometer (WVS) works in the 1.6–2.7 GHz frequency range, and it is made of 
a rectangular aluminium waveguide with a closable opening for the positioning of the 24 ml glass 
container (Fig. 6.1). The WVS is connected to a PC by a USB port, and it is equipped with a control unit 
with A/D and D/A converters. Spectral acquisitions of both gain and phase (resolution: Gain, 0.03 dB; 
Phase, 0.18°; frequency, 0.35 MHz; A/D conversion, 10 bit; acquisition time: 36 s, number of recorded 
points: 3130) were conducted in triplicate at a constant temperature of 25°C(±1°C) by Java program. The 
glass container was filled with a sample volume of ~19.79 ml using a syringe. To eliminate the 
interference related to the WVS warming condition state and to ambient air variations (e.g. humidity), for 
each sample a background spectrum was subsequently subtracted from acquired signal. 
               
Figure 6.1 Schematic of the internal structure of the Waveguide Vector Spectrometer (adopted with 
permission from Teslić et al., 2017). 
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6.2.1.2  Red wines sample and analysis 
 
For the experiments, forty-two red wines were produced during the vintage 2015. Red wines alcohol (v/v 
%) and glycerol (g/L) contents were analyzed in triplicates according to OIV method (Resolution 
OIV/OENO 390/2010) with Fourier Transform Infrared Spectroscopy, FTIR (Winescan™ SO2, 
Hilleroed, Denmark), which results are presented in Table 6.1.  
                                                   Table 6.1 Red wine composition. 
Wine parameter Mean SD Min Max 
Alcohol ( % v/v) 14.0 ±0.6 12.8 15.5 
Glycerol (g/L) 9.1 ±0.8 8.0 11.0 
Mean, average value of wine parameters (n=46); SD, standard deviation; Min, minimum value of wine parameters; 
Max, maximum value of wine parameters. 
 
6.2.1.3 Statistical analysis, calibration and validation PLS 
 
Partial least squares (PLS) regression analysis was explored to estimate the content of the selected wine 
qualitative parameters by the acquired Gain and Phase spectra. The accuracy of the model was examined 
in terms of R
2
 and RMSE (Root Mean Square Error) for both calibration and full cross validation. Test set 
validation was also performed by a randomly selected 25% of the data set. 
 
6.2.2 Results and Discussion 
 
The PLS regression parameters (R
2
 and RMSE) obtained for both Gain and Phase spectra are presented in 
Table 6.2 for the frequency range 1.6–2.1 GHz, since this frequency range provided an improved PLS 
prediction models compared to the entire spectrum (1.6–2.7 GHz). Overall, in the test set validation, Gain 
spectra usually showed improved prediction capability for selected parameters compared to Phase once, 
most likely due to lesser effect by matrix complexity on Gain spectra compared to Phase spectra. Test set 
validation for red wine ethanol content showed the highest R
2
 values of 0.961 (RMSE=0.11% v/v) and 
0.955 (RMSE=0.13% v/v) for Gain and Phase spectra, respectively (Table 6.2). Test set validation for red 
wine glycerol content disclosed an R
2
 values of 0.834 (0.31 g/L) and for Gain, while for Phase a R
2
 values 
of 0.809 (0.33 g/L) (Table 6.2). 
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Table 6.2 Partial least square regression of red wine spectra for the prediction of alcohol and glycerol 
content from Gain and Phase spectra in the frequency range 1.6–2.1 GHz. 
 Wine 
parameter 
 
PCs 
Calibration Full cross validation Test set validation 
R
2
 RMSE R
2
 RMSE R
2
 RMSE 
 
Phase 
Alcohol (% v/v) 5 0.965 0.11 0.957 0.12 0.955 0.13 
Glycerol (g/L) 14 0.995 0.05 0.809 0.33 0.809 0.33 
 
Gain 
Alcohol (% v/v) 5 0.972 0.10 0.968 0.11 0.961 0.11 
Glycerol (g/L) 14 0.988 0.09 0.843 0.31 0.834 0.31 
PCs, number of principal components; R
2
, coefficient of determination; RMSE, root mean square error. 
 
Until today, rapid and extensively explored methods for wine composition estimation include vibrational 
spectroscopy based mainly on NIR and MIR spectral analysis which is supported by the multivariate 
approach of data evaluation (Teixeira dos Santos et al., 2017). According to the vast number of 
conducted studies related to this topics, the assessment accuracy is shown to be influenced by the used 
technique, the composition of the wine samples and by the reference method (Canal and Ozen, 2015; 
Friedel et al., 2013). In particular, in validation with NIR reflectance spectra, PLS regression models of 
different types of red, rosé and white wines had R
2
 values of 0.978 (SEP=0.24% v/v) and 0.845 
(SEP=0.72 g/L) for ethanol and glycerol content, respectively (Urbano-Cuadrado et al., 2004). PLS 
regression models were also set up to predict ethanol concentration of red and white wines from ATR-
MIR spectra with an R
2
 value in validation of 0.99 (SEP=0.11% v/v) (Cozzolino et al., 2011) and 
glycerol content from FT-IR spectra obtained from a large number of wines with an r value of 0.96 
(SEP=0.40 g/L) (Nieuwoudt et al., 2004). The combination of visible and MIR spectra with orthogonal 
PLS regression technique produced R
2
 values of 0.83 (RMSEP=0.47 g/L) for the prediction of glycerol 
content of red and white wines (Sen et al., 2016). Hence, RMSE values up to 0.11% v/v for ethanol 
content and 0.31 g/L for glycerol content are acceptable for wine quality control analysis and the WVS 
system may be considered as an alternative to the NIR and MIR spectroscopic devices. 
 
6.2.3 Conclusions 
 
The global wine industry is always looking for new rapid analytical methods with high performance to 
monitor product quality with respect to regulation, as well as to improve the winemaking process. Thus, 
based on the study results tested WVS appeared to be able for a rapid estimation of the main wine 
compositional parameters (e.g. alcohol and glycerol content) in the process control. 
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6.3 Analytical characterization of commercial tannins 
 
Ricci, A., Olejar, K.J., Parpinello, G.P., Mattioli, A.U., Teslić, N., Kilmartin, P.A., Versari, A. 2016. Antioxidant 
activity of commercial food grade tannins exemplified in a wine model. Food Additives & Contaminants: Part A 33, 
1761–1774 
Ricci, A., Parpinello, G.P., Palma, A.S., Teslić, N., Brilli, C., Pizzi, A., Versari, A. 2017. Analytical profiling of 
food-grade extracts from grape (Vitis vinifera sp.) seeds and skins, green tea (Camellia sinensis) leaves and 
Limousin oak (Quercus robur) heartwood using MALDI-TOF-MS, ICP-MS and spectrophotometric methods. 
Journal of Food Composition and Analysis 59, 95–104 
 
6.3.1 Materials and Methods 
 
In purpose of analytical characterization of food-grade commercial tannins from the different botanical 
origin, several analytical methods such as DPPH• radical scavenging, ICP-MS, total polyphenols and 
tannins assays were performed (Ricci et al., 2017, 2016).  
 
6.3.2 Results and Discussion 
 
Total polyphenols content varied in commercial tannins, and it was the lowest in samples obtained from 
leaves of Vitis vinifera (1.17 mM CE; expressed as catechin equivalent) and the highest in samples 
obtained from selected Quercus woods (2.77 mM CE; Table 6.3). Similarly to total polyphenols content, 
tannins concentration varied in samples, and it was the lowest in samples obtained from leaves of Vitis 
vinifera (0.71 mM CE) and the highest in samples obtained from Malbec red grape seeds (1.60 mM CE) 
(Table 6.3). These differences in total polyphenols and tannins contents resulted in variation of 
tannins/polyphenols ratio, indicating that polymeric and monomeric fraction varied among samples 
(Table 6.3). The highest percentage of tannins was detected for samples obtained from red fruits tree 
woods while the lowest tannins percentage was detected in samples obtained from grape seeds (Table 
6.3). These results are suggesting that sample obtained from grape seed was mostly composed of 
monomeric fraction while sample obtained from red fruits tree woods was mostly composed of polymeric 
fraction. 
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Table 6.3 Total polyphenols content, tannins content and DPPH radical scavenging potential of 
commercial tannins from different botanical origin. 
Botanical 
Origin 
Total polyphenols 
(mM CE) 
Tannins 
(mM CE) 
Tannins/Polyphenols 
ratio [%] 
DPPH 
(%inhibition) 
Leaves of Vitis vinifera red grapes
1
 1.17±0.00 0.71±0.03 60.68 22.4±0.2 
Grape seeds
1,2
 2.64±0.09 0.82±0.01 31.06 73.9±0.3 
Grape berry
1
 2.11±0.01 1.03±0.02 48.82 44.9±0.2 
Grape skins and seeds
3,4
 2.75±0.00 1.16±0.04 42.18 72.9±0.3 
White grape seeds
1,2
 1.94±0.01 1.05±0.04 54.12 55.6±0.3 
Grape seeds
2,5
 2.33±0.00 1.08±0.04 46.35 68.6±0.3 
Malbec red grape seeds
3
 2.33±0.02 1.60±0.01 68.67 63.0±0.4 
Unfermented grape skins
1,3
 2.48±0.02 1.09±0.01 43.95 76.7±0.4 
American Oak
3
 1.42±0.00 1.06±0.03 74.65 45.8±0.3 
Limuosin Oak
3
 2.23±0.00 1.27±0.05 56.95 77.4±0.2 
French Oak
3
 1.77±0.01 1.15±0.04 64.97 63.6±0.4 
Selected Quercus woods
3,6
 2.77±0.01 1.35±0.02 48.74 76.6±0.5 
Red fruits tree wood
7
 1.91±0.00 1.62±0.00 84.82 72.0±0.2 
1
Antioxidant; 
2
Color stabilizer; 
3
Fining agent; 
4
Clarifying agent; 
5
Cross-linker for anthocyanins; 
6
White wine body 
supporter; 
7
Red wine clarifying agent. 
Different chemical composition (e.g. Tannins/Polyphenols ratio) affected the antioxidant capacity of 
commercial tannins (Table 6.3). In particular, samples with higher tannins percentage (lower 
Tannins/Polyphenols ratio) or higher degree of polymerization had lower antioxidative capacity (Table 
6.3; Fig. 6.2). These results are indicating that monomeric fraction of total polyphenols content has a 
paramount role in the determination of antioxidative capacity of commercial tannins. Thus, commercial 
tannins aimed to be used as antioxidants should have a lower degree of phenols polymerization. In fact, 
commercial tannins obtained from grape seeds had most likely relatively low degree of polymerization 
which resulted in high antioxidative capacity (Table 6.3). Furthermore, sample obtained from grape 
leaves had most likely high degree of polymerization indicating that botanical source or extraction 
methods might not be suitable to produce commercial tannins which will be used as antioxidants.  
                     
Figure 6.2 Correlation between antioxidative capacity and Tannins/Polyphenols ratio of studied 
commercial tannins. 
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Four commercial tannins were characterized by four macroelements (Mg, K, Ca and Mn) and twelve 
microelements (rest of the elements) which concentrations are listed in Table 6.4. Elemental composition 
is an important quality parameter of commercial tannins due to their diverse roles. In particular, Cu, Fe 
and Mn are oxidation catalysators of polyphenols which is afterwards responsible for alterations of wine 
sensory characteristic (Waterhouse and Laurie, 2006). An element such as K influence the bitartrate 
stability/instability etc. Most of the detected elements in presented experiment were present in a 
concentration far below limits set by World Health Organization (WHO), while a concentration of Pb 
exceed these limits (Table 6.4). However, in necessary to point out that concentration of Pb didn’t 
exceeds limits set by International organization of vine and wine (0.15 ppm) (OIV, 2017). Thus, 
commercial tannins could be used in winemaking in that regard.  
Table 6.4 Elemental composition of commercial tannins from different botanical origin expressed as ppm. 
Element Green tea leaves Limousin oak Grape skin Grape seed WHO Guidelines
1
 
7
Li 0.002 0.002 0.001 0.001 Nl 
24
Mg[He] 0.500 0.200 0.090 0.080 Nl 
27
Al Nd Nd Nd Nd 0.200 
39
K[He] 0.800 0.600 1.200 1.400 Nl 
44
Ca[He] 0.400 0.400 0.220 0.200 Nl 
52
Cr[He] 0.008 0.008 0.011 0.009 0.050 
55
Mn[He] 0.010 0.004 0.002 0.001 0.400 
56
Fe 0.060 0.030 0.050 0.050 1.000–3.000 
59
Co 0.0001 0.0001 0.0001 0.0001 Nl 
60
Ni Nd Nd Nd Nd 0.070 
63
Cu 0.040 0.020 0.020 0.020 2.000 
66
Zn 0.990 0.250 Nd Nd 3.000 
75
As 0.002 0.002 0.002 0.002 0.010 
88
Sr 0.020 0.020 0.004 0.003 Nl 
137
Ba 0.020 0.020 0.010 0.010 0.700 
207
Pb 0.033 0.033 0.033 0.031 0.010 
[He] – assay conducted in under He flow; Nl – not listed; Nd – not detected; 1(World Health Organization, 2004). 
 
6.3.3 Conclusions 
 
Commercial tannins differed according to a chemical composition which resulted in differences of 
antioxidative capacity, whereas samples with a lower degree of polymerization had higher antioxidative 
capacity thus they are appropriate to be used as an antioxidative agents in winemaking in that regard. 
However, additional test related to the sensory properties of these tannins need to be evaluated. Elemental 
composition characterization of four commercial tannins revealed that all elements a part of Pb were 
present in concentrations lower that limits set by WHO. However, a concentration of Pb was lower than 
limits set by OIV, thus they could be used in winemaking in that regard. 
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Appendix G – Rapid assessment of red wine compositional parameters by 
means of a new Waveguide Vector Spectrometer 
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Appendix H – Antioxidant activity of commercial food grade tannins 
exemplified in a wine model 
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Appendix I – Analytical profiling of food-grade extracts from grape (Vitis 
vinifera sp.) seeds and skins, green tea (Camellia sinensis) leaves and 
Limousin oak (Quercus robur) heartwood using MALDI-TOF-MS, ICP-
MS and spectrophotometric methods 
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7 Final conclusions 
 
In the Emilia-Romagna region, evidence of ‘climate change’ was detected during the recent past decades 
(1961–2015). In general, viticulturists faced a significant increase of daily mean temperatures during the 
growing seasons in the magnitude up to 1.5°C (depending on the DOP areas) in the last 30 years (1986–
2015) comparing to the period 1961–1990. Furthermore, climate conditions in the ER were also drier 
during the last 30 years in certain DOP zones. Due to high sensitivity of vines to climate conditions, these 
changes affected grape production and grape quality at a certain level in the ER. In particular, sugar 
concentration in Sangiovese grapes from the Romagna area has increased up to 1.38 °Brix from 2001 
until 2012. Higher berry sugar content in Sangiovese grapes occurred most likely also due to 
climatological factors (81% probability according to multiple linear regression), such are longer drought 
periods (DSI) and higher thermal accumulation (HI) during growing seasons. Normally, apart berry sugar 
concentration other grape quality parameters, such as organic acids concentration, aromatic compounds 
concentration, phenolic compounds concentration etc., may be also influenced by warmer and drier 
conditions in certain cases as well. Grape yield could also be affected by the climate change even if not 
concluded for the Sangiovese grapes from Romagna area (21% probability according to multiple linear 
regression). Further increase of temperatures and drier conditions comparing to nowadays conditions are 
expected according to 9 Regional Climate Models simulated based on two potential trajectories of air 
greenhouses gases concentration until the end of the 21
st
 century (RCP 4.5 and RCP 8.5 scenarios). The 
magnitude of warming and droughts would depend on the socio-economic development of human society, 
with logical outcome that scenario with higher pollution and higher emission of greenhouse gases into 
atmosphere (RCP 8.5 scenario) will cause higher variations in climatological patterns comparing to 
scenario with reduced pollution and emission of greenhouse gases into atmosphere (RCP 4.5 scenario). In 
any case scenario (RCP 4.5 and RCP 8.5 scenarios), according to models simulations until 2040 the 
majority of DOP zones in the ER should be still suitable for production of high-quality grapes, at least for 
the later ripening varieties (e.g. currently produced Sangiovese) while production of high-quality white 
grape varieties would be questionable (e.g. currently produced Chardonnay). On the other hand, toward 
the end of the 21
st
 century mean growing season temperature could rise even above 22°C in certain areas 
of the ER. This could be particularly possible under RCP 8.5 scenario where most of the ER DOP zones 
could be characterized as ‘too hot’ (mean growing season temperature above 22°C) suggesting that 
production of high-quality grapes would be highly questionable. Therefore, to enable production of high-
quality grapes and wines (at least until 2040) certain techniques need to be applied to moderate the impact 
of upcoming warming and drier conditions. Logically, mitigation techniques may ‘correct’ grape and 
wine quality up to a certain limit point. In particular, a combined method of ‘early green harvest’ and 
non-Saccharomyces may be used to reduce excessive alcohol in wine (~1.20% v/v alcohol removed in 
Chardonnay wines during vintage 2016) and to increase wine total acidity (~2.5 g/L total acidity 
increased Chardonnay wines during vintage 2016). However, certain mitigation technologies (a combined 
method of ‘early green harvest’ and non-Saccharomyces) may also cause a negative ‘side effects’ (too 
bitter and too acidic wines), thus development of reliable mitigation techniques which are causing minor 
(or not at all) negative ‘side effects’ should be the direction of wine industry development. A future 
research should particularly direct towards the development of a combined method with two or more 
techniques involved since at real industry level, the proper solution is a combination of different 
techniques most of the time.  
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Appendix J – Utilization of sage by-products as raw material for 
antioxidants recovery -Ultrasound versus microwave-assisted extraction 
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Appendix K – Sage processing from by-product to high quality powder: I. 
Bioactive potential 
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